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Foreword
Since the series of Canadian symposia on rock mechanics was inaugurated at McGill University in
September 1962, one of its more encouraging features has been the broadening of the spectra of
the fields of interest, and of the people who have been brought together to produce its most
significant event to date, the fifth symposium. Though its parent body, the Canadian Advisory
Committee on Rock Mechanics, is informal in its constitution, has no specialized home office, and
collects no dues, its interest and enthusiasm are of high order. More importantly, the Committee
has continually adjusted its viewpoints and terms of reference, and now offers a unique Canadian
forum for the exchange and interchange of knowledge among practitioners and researchers in all
activities which are concemed with crustal engineering materials and the residual structures
influenced by them and the earth's body forces. The evidence of this effect lies in the 220
registrations for the event to which these Proceedis:~gs bear record, and whose quality and breadth
speak for themselves.
A most successful and popular innovation of the third symposium held in Toronto in January
1965 was the mounting of a series of preliminary lectures in areas basic to studies in rock
mechanics. This was repeated in the present case, and the response from the hundred or so people
who registered for its benefits has been so gratifying that it is strongly recommended that future
symposia contain the same optional feature.
The lectures, which were given on 5 December, were:
"Rock Fabric Analysis," by J.E.G. Schwellnus, Department of Mining Engineering and
Applied Geophysics, McGill University.
"The State of the Art of in situ Stress Measurement," by Kenneth Barron, Mining Research
Centre, Mines Branch, Department of Energy, Mines and Resources, Ottawa.
"Visco·Piastic Behaviour of Rocks," by M.S. King, Department of Geological Sciences,
University of Saskatchewan.
"Rock Failure Theories," by 8. Ladanyi, Department of Mining Engineering, Ecole
Polytechnique, Universite de Montreal.
"Borehole Extensometers and Other Instrumentation in Field Applications," by A.V. Pegler,
Department of Mining Engineering, Queen's University.
To these lecturers, and to the authors and presenters of papers in the main body of the
Symposium, grateful thanks are due. The structure was also ably supported by Messrs. A.V.
Corlett, W.M. Gray, N.R. Morgenstern, and T.H. Patching, who chaired the various sessions with
tact and resolve.
The entire series of Canadian symposia owes much to the Mines Branch, Department of
Energy, Mines and Resources, which assumes the burden of publishing these Proceedings, and
whose officers take a leading part in Canadian mining research.
Again, a special acknowledgment is recorded to the Board of Education of the City of
Toronto, for the use of the conference room and related facilities and personnel in its Education
Centre, with its remarkable combination of efficiency, comfort, and aesthetic quality.
To close on a personal note, a recognition is made of the support in all decisional matters
rendered by the Canadian Advisory Committee on Rock Mechanics, and especially by its
chairman, D.F. Coates.
Department of Civil Engineering,
University of Toronto,
Toronto 5, Ontario.
7 December 1968

H.R. Rice,
General Chairman

Abstract
The presence of groundwater in areas of open pit
mines can create serious problems. The most important problem is generally a reduction in Jtability of the
pit slopes. This is caused by cleft water pressures and
hydrodynamic shock reducing the shear strength,
seepage pressures, water in tension cracks and in·
creased unit weight increasing the shear stress.
Groundwater and seepage also i11erease the cost of
pit drainage, shipping, driUing and blasting, and
equipment maintenance. Surface erosion may also be
increased and, in northern climates, ice flowt on the
slopes may occur.
Procedures have been developed in ro11 mechanics
and engineering of dams to obtain quantitative data on
cleft water pressures and rock permeability, to eval·
uate the influence of cleft water and seepage pressures
on stability and to estimate the magnitude ofgroundwater flow.
Based on a ]~eld irlVestigation program, a design
can be prepared for the control of groundwater in t1Je
pit. Methods of control include the use of horizontal
drains, tile use of lllTge blasted toe drains, constmction
of adits or drainage gaUeries or pumping from wells in
or outside of the pit. Instrnments should be installed
to monitor the groundwater conditions during drain·
age.
Two typical case histories are described that
indicate the approach used to evaluate groundwater
conditions.

The Influence of Groundwater

In most open pit mines a certain amount of
groundwater will generally be encountered. The
amount of groundwater present, the rate at
which it will flow thtough the rock, the effect
it may have on stability and the influence it will
have on the economical development of the pit
will vary depending on many factors. The most
important of these will be the topography of
the general area, the amount of precipitation,
the temperatures which occur throughout the
year, the permeability of the rock mass and
overburden soil and the orientation of the rock
structure.
The most important effect of groundwater
in open pit mining is the effect it has upon the
stability of the rock slopes. The more impor·
tant effects of groundwater on stability are
described in the following text.
a. Reduction in Shear Strength
Shear strength is nonnally expressed by the
Coulomb Equation:
where

s == c+(a -u) tan¢
c == cohesion
CJ = the weight normal to the slip
surface

The Influence and Control
of Groundwater
in Open Pit Mining

by C.O. BRAWNER,
Principal, Golder, Brawner & Associates Ltd.,
Vancouver, B.C.

u
1/J

= the neutral or buoyant pressure
= angle of internal friction.

Where the groundwater table is above the
potential failure surface, the weight above that
surface and below the groundwater table which
develops friction along the failure surface is
reduced by the buoyant uplift of the groundwater. Assuming the weight of rock to be
approximately 170 pounds per cubic foot and
the weight of water to be 62.4 pounds per
cubic foot, frictional resistance developed by
the rock in this zone would be reduced by 37%.
If the groundwater table were to extend to the
ground surface, the overall reduction in stability as compared to a zero cleft water pressure
condition, would approximate this value. A
typical example of the influence of drainage on
stability is given in Figure 1.
Jn mountainous regions where the open pit
may be well below the level of surrounding
mountains, it is possible that cleft water pressures in excess of the total height of the slopes
can be encountered. In this case the reduction
in stability will exceed 37%.
In intact rock the cohesion is significantly
influenced by changes in moisture content.
Brt~wner
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FIGURE 1 -Typical example of influence on stability of lowering groundwater pressures by
drainage
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Colbach and Wiid(l) found that the angle of
shearing resistance remains essentially unchanged with the change in moisture but that
the cohesion is reduced considerably as the
moisture content of the rock increases.
The greatest reduction in stability can be
expected to occur during and shortly after
spring thaw, following heavy rainfall, and in
northern climates, during the late stages of
winter. In the past it has frequently been
assumed that winter conditions should be conducive to stability since the surface of the rock
slope is frozen. However, the water which
normally is free to flow out through the cracks
in the rock during the sununer period becomes
frozen during the winter and greatly reduces
the permeability of the surface of the rock
slope. Tills may result in a build-up of very high
cleft water pressures behind the face, a condition which is particularly dangerous because the

generally low permeability of the rock material.
The force acts in the direction of flow of the
water, i.e. into the open pit. Seepage forces can
become very high. Coates and Brown(2) quote
an example where seepage forces were computed to increase the shear stress by 24%.
Figure 2 illustrates seepage forces acting in a
slide area.
Seepage forces and cleft water pressures can
occur in slopes which on the surface appear to
be dry. If the permeability of the rock is
moderately low it is possible that the rate of
evaporation from the surface of the rock may
exceed the rate of seepage. As a result, rock
slopes which appear dry on the surface may
experience high cleft water pressures at shallow
depth. It is important to remember that high
cleft water pressures can be developed by small
amounts of water. Large water flow is not a
necessity for instability to occur.

FIGURE 2- Two-dimensional water flow net in a slope showing seepage forces (after Hoek and
Pentz, 1968)
shear strength of the rock would diminish quite
rapidly with the result that sudden failure of
the rock may take place. Also, during the
winter months, the rock slopes are frequently
covered with snow so that tension cracks,
which normally warn of impending movement,
are not noticeable.
b. Development of Seepage Forces
As water flows through rock slopes, seepage
forces develop as a result of the resistance
offered to the flow of the water by the

The statement is frequently observed in the
literature that the influence of cleft water and
seepage pressures on stability can be ignored
where massive rock exists. This statement is
theoretically valid. However, from a practical
standpoint, there is usually insufficient evidence obtained on most projects to guarantee
that unfavourably oriented discontinuities do
not exist. Therefore, the consequences of failure would usually be sufficiently serious that
extreme caution in the use of this assumption is
advised.
Brawner
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c. Water in Tension Cracks
Tension cracks frequently develop at and
around the top of slides. These cracks are
normally treated as indicators of instability.
However, should rain occur while these cracks
are open, these openings will fill with water.
This water in the cracks creates a horizontal
hydrostatic pressure on the sliding mass.
In practice, tension cracks may extend to
depths of more than 20 to 40 feet so that
hydrostatic pressures in these cracks can significantly influence stability. It is desirable, when
tension cracks are first observed, that movement measuring devices or hubs be installed in
the slide area and that tension cracks be filled
immediately so that water cannot enter them
and aggravate the already borderline stability. A
typical example of hydrostatic pressure in a
tension crack is shown in Figure 3.

d. Increase in Weight
The weight of a rock mass increases as the
level of the water table increases due to the
weight of the water in the joints, discontinuities
and voids in the rock. This additional weight
increases the shearing stress in the slope and
therefore acts to reduce stability.
e. liquefaction
Fault zones in rock are occasionally filled
with a rock flour like gouge. If this gouge is in a
loose density, is uniformly graded and is completely saturated, there is danger that vibration
due to earthquakes or blasting may cause the
gouge to liquefy. Failures due to this mechanism have been more commonly associated
with failures of spoil dumps or tailings dams
such as the El Cobre slides in Chile in 1966
[Dobry and Alvarez,(3)].
f. Dynamic Hydrostatic Shock Due to Blasting
It appears possible that large short-tenn
cleft water pressures develop in rock slopes
during blasting. This occurrence would reduce
effective pressures and therefore would reduce
stability. However, information is not available
on this subject to date and the magnitude of
the pressures which may be involved or the
influence of high-pressure short-term loading on
rock stability is unknown. Research on this
subject is necessary at an early date.
In addition to possible adverse influence on
stability, groundwater may have other detrimental effects. Some of these are briefly noted.
4
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i. Pit Drainage - In areas of heavy precipitation or low evaporation and moderately pervious bedrock, extensive seepage from the
slopes may occur which requires expensive
drainage control and pumping from the bottom
of the pit. Pit drainage control frequently costs
thousands of dollars annually.

ii. Increase in Shipping Costs - On some
projects the ore excavated from the pit is
transported considerable distances. If the ore is
moved in the saturated state, considerable
water is transported. On major projects, transportation costs for hauling this water may be
significant. Stubbins and Munro( 4) state that an
extra 2 % moisutre in the iron ore at Knob
Lake, Que., increased transportation costs 12
cents per ton.
iii. Drilling and Blasting in Wet Holes Where excavation is required below the groundwater table and the bedrock is moderately
pervious, blast holes may fill up very rapidly
with groundwater. This requires more expensive
powder and blasting techniques and may result
in caving prior to loading the hole. Blasting
costs for wet holes are approximately double
those which are normaUy incurred for dry holes.

iv. Increased Equipment Costs- During the
spring thaw or heavy rainfall, excess seepage
water may collect on the floor of the pit and on
haul roads causing them to become muddy.
Such conditions reduce the life of tires, tracks
and brakes. In addition, hazards with electric
cables are increased.
v. Surface Erosion -Occasionally relatively
large amounts of water will occur as springs
from the rock slopes. If the rocks are badly
fractured, soft or weathered, the flow of water
may cause detrimental erosion on the slopes.
vi. Ice FloV\IS - In northern climates water
issuing from the slopes may continue to freeze
and build up ice mounds. In the spring, during
the thaw period, these ice mounds can create a
serious menace by sliding down the slopes.
Measurement of Groundwater Pres1;ures
and Permeability
Cleft water pressures can have a great
influence on stability and the amount of
seepage water can greatly influence the economics of pit and mine drainage. It is therefore
desirable to detennine the general groundwater
conditions prior to final feasibility studies.
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The civil engineer can provide the mining
engineer with considerable assistance in this
regard. Extensive experience has been gained in
soils engineering and groundwater studies performed in the investigation, design and construction of major dams throughout the world.
With limited modification, the procedures for
measurement of cleft water pressures, permeability of rock and groundwater flow developed
for dam engineering can be used in groundwater
studies for mine development. The cost of
major dams generally compares with that of
large mining developments. The importance of
the influence of water on stability of dams has
been sufficiently large to result in the development of refined methods of groundwater testing and evaluation.
Determination of cleft water pressures in
the general pit area is desirable. The simplest
procedure is to install porous pot or equivalent
piezometers. (Figure 4.) These can be installed
in boreholes that are drilled to detemtine the
location and grade of ore. One piezometer can
be installed in an AX size hole and up to three
can be installed in an NX size borehole. Since it
is not uncommon to find perched water tables
in bedrock, two or three piezometers are
reconunended per hole. In order to install
instruments in the best located boreholes it is
recommended that all exploration holes that
are drilled be cased to bedrock and protected so
they can be used at a later date if ne(;essary.
The depth to the water level in the piezometers
is usually determined by lowering an electrical
resistance probe. (Figure 5.)

w
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The coaxial cable Is unwound from the reel and
lowered down the piezometer tube. The ammeter is
actuated when the two electrodes in the tip of the
coaxial cable come in contact with the water, completing the electric circuit.

FIGURE 5 -Water level finder

Where water pressure data is required at a
great depth, it may be necessary to install
special transducerized piezometers. The most
common electrical water pressure transducer is
the Maihak vibrating wire piezometer. [Terzaghi
and Peck,(5)]. This instrument is suitable for
short-term installation. On a long-term basis,
difficulties often develop with calibration and
the instrument is easily damaged by nearby
blasting. The disadvantages of the Maihak instrument appear to have been overcome in a
prototype Solartron quartz-strut piezometer
recently developed in England [Hoek and
Pentz,(6)]. The vibrating wire has been replaced
by a quartz-strut loaded in compression
through a diaphragm upon which the water
pressure acts.
Water levels should be read at least once per
month, or following rain or thaw conditions,
and the data compared with precipitation and
spring thaw information. All piezometers installed outside the fmal pit should be established
as pennanent installations.
To evaluate stability and potential drainage
problems, it is also necessary to know the
general permeability of the bedrock. In most
rocks, more water flows through discontinuities
than through the intact rock. In this case,
laboratory tests on rock core will not provide
useful permeability data.
Pumping tests can be performed to determine average permeability. In these tests
groundwater is pumped from a central hole or
well and water level readings are measured
continuously in observation holes located in
several directions from the centre hole. (Figure
6.) This procedure is practical and reasonably
economical for depths up to about 100 feet.
Beyond this depth pumping tests become very
expensive. With the great depths encountered in
most open pit mines, this type of test has
limited application.
At present, the borehole water packer
permeability test is the most suitable and
economical technique to measure the range of
rock permeability. Usually a packer with a 10to 20-foot spacing is installed in the borehole at
any desired depth. Water is pumped into the
hole between the packers under a moderate
pressure and the volume of water forced into
the rock is detemtined. Using standard permeability formulae [Cedergren(7)] the average
permeability of the rock in the zone tested can
be estimated. Rock penneability has been
tested to a depth of 900 feet in BX boreholes
Brawner
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under the author's direction. Providing the
exploration boreholes have been maintained
open and can be used, 6 to 10 boreholes around
the pit area can usually be tested to depths of
800 to 900 feet in a one to two month period.
To obtain a rapid estimate of general
permeability, falling head tests in boreholes can
be performed [Golder and Gass(8)). This involves filling the borehole with water to the
surface and measuring the rate of drop of the
water level with time. Standard formulae for
this type of analysis are shown in Figure 7.
On many mining projects, adits are driven
to check ore grades and metallurgy. By measuring water levels in boreholes situated above and
adjacent to the adit during and following adit
excavation and by measuring the flow of water
in the adit using weirs, the average permeability
of the rock can be estimated. The calculations
are based on the assumption of symmetrical
flow into the adit. The most convenient means
of presentation and evaluation of cleft water
pressures, seepage pressures and groundwater
flow is by the use of a two dimensional flow
8
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net (Figure 2). It is assumed that the flow of
water follows Darcy's law which states that:
v=ki
where v = discharge velocity (centimetres per
second), k =coefficient of permeability (centimetres per second), and i = hydraulic gradient
(a pure number), and that the LaPlace differential equation governs the flow of an incompressible fluid through an incompressible porous
medium when the flow can be considered to be
two dimensional. Since the LaPlace equation
also governs the flow of electricity, water flow
problems can conveniently be studied using an
electrical analogue with the permeability of the
rock represented by the circuit resistance
(Karplus(9)]. With a variable resistance network, anisotropic conditions and variable
boundary conditions can be evaluated.
Based on the permeability test results and
the flow net, seepage volumes can be computed
(Han(lO), Cedergren(7)]. By analyzing the field
cleft water-pressure data and geometry of the
flow net, cleft water pressures can be predicted
for any slope geometry. The influence on

stability can be estimated using the standard
stability analysis employed in the field of soil
mechanics [Brawner(Il), Hoek and Pentz(6)).
Control of Groundwater
If the evaluation of groundwater conditions
indicates excessive inflow into the pit or adverse effects on stability, several procedures to
improve conditions are available to the mining
engineer.
One technique which may be used to
improve the stability of the rock slopes is to
install horizontal drains, a technique which is
commonly used to stabilize earth landslides

II

[Brawner and Huculak(12)]. Percussion holes 2
to 3 inches in diameter are drilled near the toe
of the slope on about a 5% grade for a distance
of SO to 100 feet into the slope. A typical
installation in a soil slope is shown in Figure 8.
To reduce drilling time it is common to fan 3 to
5 holes from one drill location. Groundwater
flows into the drain holes, lowers the groundwater level and improves stability. In stabilizing landslides in soil it is necessary to install
perforated pipe in each of the horizontal holes.
In bedrock, however, the pipes are not normally necessary. During the cold winter weather in
Canada it may be necessary to protect the
outlets of the drains from freezing and to
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l<w. • Meon Coeff. Perm., Cm. /Sec.
m • Transformation Ratio

111

q·ln

Variable Head

• __Q.;:___
2.75 ·0·Hc

[% ·~lJ
2·n·L· Hc

2

Kh =

(2mL)

d · In - 0 ..!::!.L
!!11..
8 · L· (tt'fll In H2 For 0

>4

FIGURE 7- Formulas to determine permeability in bore holes (after Hvorslev, 1951 and Golder
& Gass, 1962)
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collect the water with a frost-free collector
system.
In the winter months in northern climates it
is common for the pit slopes to freeze so that
seepage does not exit from the slopes. As a
result high cleft water pressures frequently
develop. This factor appears to account for the
fact that many failures occur in the February to
April period in Canada. An aJtemative to
horizontal drainage to minimize the buildup of
porewater pressures in the slopes is to blast the
entire lower bench 30 to 40 feet wide around
the toe of the slope in the open pit and not to
excavate this blasted toe during the winter
months. This area will have high permeability
and will act as a large drain in allowing water to
seep from the slope. Water from this area must
be collected in one or more sump areas and
pumped from the pit.
In some instances it may be practicable to
construct an adit under the ore body and use it
as a drainage gallery from which water is
pumped. P or large volumes of water or for deep
pits, drainage galleries at more than one elevation may be required. To increase the effectiveness of the drainage gallery, drill holes can be
drilled on a fan pattern outward from the adit

to intercept additional water. As a further
refinement to improve drainage efficiency, it
may be possible to place the entire adit under a
partial or complete vacuum. Drainage galleries
may be particularly adaptable where open pits
are located on steep mountain side slopes so
that the adit may be drained by gravity.
Where very heavy seepage is expected,
pumping from deep wells located around the
periphery of the pit may prove practical and
economical. Facilities of this type have been
installed at more than 400 feet with success
[Stubbins and Munro( 4)). Where the groundwater flow is large and if the influence on
stability of cleft water pressures and seepage
pressures is significant, the pumping system
must be designed with reasonable over-capacity
so that if one pumping unit becomes inoperative there is sufficient overlap of pumping
capacity to prevent the development of local
areas of excess water pressure which might
cause instability.
The design of drainage control in open pit
mines should always be preceded by a moderately detailed field permeability testing program
unless extensive previous experience at the site
is available.

FIGURE 8- Typical horizontal drain installation in soil slope to reduce pore water pressure and

improve stability
10
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In addition to drainage control within the
pit itself the control of surface drainage outside
the pit boundaries is necessary to ensure that
surface water does not flow into the pit.
Besides the extra pumping capacity required,
water flowing into the pit percolates into
surface fractures and openings-many of which
have been created by blasting-develops cleft
water pressures and enhances rock brealatp by
freezing and thawing action. This aggravates
rock falls and the occurrence of local slides
between benches.
Not only is it desirable to determine the
influence of groundwater on stability but it will
be desirable to determine whether drainage of
the pit slopes will allow an increase in the
overall slope angle. For the same safety factor,
reducing the cleft water pressures by 20 feet
will usually allow an increase in slope angle
approximating 3 to 6 degrees. An evaluation
can be made of the cost of drainage versus the
economical benefit to be gained by the increase
of the slope angle that the drainage will allow.
In order to evaluate the effectiveness of
drainage it is necessary to install piezometers at
key points in and around the pit to measure
cleft water pressures. Normally it will be
adequate to read this instrumentation on a
monthly basis, with more frequent readings
during the spring runoff period, following
heavy rains and during the late winter.
As the open pit deepens, the probability of
high cleft water pressures developing in the base
area of the pit increases and they could
conceivably become sufficiently large to cause a
blow up of the base of the pit. This probability
increases where the bedrock structure is horizontal or if significant horizontal tectonic stress
exists in the rock.

Typical Case Histories
of Groundwater Evaluation

Two typical examples of groundwater
evaluation are given. The first deals with an
open pit mine. The techniques described are
also applicable to underground problems for
which the second example is typical.
Example No. 1
The present depth of the open pit is
approximately 400 feet. Increasing amounts of
seepage were observed with pit depth. The
frequency of water filled blast holes was also

increasing with depth. As a result it was desired
to evaluate the amount of seepage and influence on stability of increasing cleft water
pressures which would be expected as the pit
depth gradually increased to I ,000 feet. Several
holes which had been drilled two years previously were found to be open to depths up to
900 feet around the periphery of the pit. Water
packer permeability tests with packers spaced
IS feet apart were performed at 50-foot intervals in each of the four boreholes. A typical
summary of the data from one of the boreholes
is shown on Figure 9. Rock permeability results
ranged from I X 10·4 em/sec. to 1 X 10- 9
em/sec. The average value computed for aU the
tests was 1 X 1 6 em/sec. For design purposes, an average permeability of 1 X I o·s
em/sec. was used. Flow nets for several different sections of the proposed pit at ultimate
depth were drawn and the flow into the pit was
estimated. It was computed that total seepage
for a depth of pit of 1,000 feet would
approximate 5 cu.ft/sec. Based on the evaluation of rainfall records for the area it was
estimated that rainfall and snow melt could
account for an additional 5 cu.ft/ sec. As a
result a continuous pumping capacity of 10
cu.ft/sec. at a 1,OO(}.foot head was recommended for drainage capacity for the ultimate
pit.
Piezometers were installed in the four boreholes following the permeability testing. These
indicated that groundwater pressures would
exist in the slope as the pit was deepened. TI1e
major concern for stability is during the winter
months. For long-term control it is proposed
that the lowest bench be blasted and left
unexcavated during the winter months to provide a major frost free toe drain to minimize
the buildup of cleft water pressures. It is also
proposed that a series of piezometers at 400- to
600-foot intervals be installed along the toe of
the pit slope. These piezometers are installed in
holes drilled with the standard rotary equipment.

o·

Example No.2
At a potential underground mine in eastern
Canada there was concern that excess underground water may be encountered. A study was
performed to estimate the rate of groundwater
flow into the mine stopes. This required an
estimate to be made of the permeability of the
bedrock formations and the cleft water pressures in the area. The most practical type of
Brawner
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test was found to be water packer penneabillty
tests in diamond drill holes.
An expanding packer was used and sealed
off, and water was pumped into the section
under pressure. The rate of inflow of water into
the hole was measured and the average value of
permeability of the rock was computed. Water
packer tests were perfonned at numerous
depths in six boreholes and average permeability values were detennined for these zones.
The computed coefficient of permeability
varied from 3 X 10-4 em/sec. to 4 X 10-6
em/sec.

As a comparison, permeability tests were
perfonned on samples of rock core in the
laboratory. The rock core was, in general, 100
times less pervious than the field formations.
This indicated that most of the groundwater
flow would occur through fractures, fissures
and joints in the rock. Using a flow net analysis
and the permeability values obtained from the
field testing program it was estimated that
seepage into the stopes would range from about
0.2 to 3.4 gallons per minute per foot width of
stope.
The volume of water encountered during
mining was within 25% of that predicted.
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Abstract
In situ dynamic strain measurements in rock by
means of strain gauges remain one of the more
absolute techniques for evaluating the blasting
action of different explosives on a given rock,
especially since they do not require the use of
any theoretical fonnulae for converting from
stress to strain. Although such measurements
have been carried out previously, especially by
the United States Bureau of Mines, it is possible
to suspect the reliability of strains measured
with gauges embedded in the usual manner,
described in the literature, when such gauges
are at distances of less than about 5 ft from the
borehole. A modlfied technique of embedding
gauges fs described in the present paper; some
field data of results obtained with the new
technique at distances of only a few inches
from the borehole will be presented. The
relative merits and drawbacks of the new
method will be discussed.
Introduction
Means of predicting the blasting performance of different explosives in a given rock can
be of assistance in designing economical blasting patterns in the mining and quarrying
industries. Even though theoretical methods of
making such predictions are becoming available
(I), it is of great interest to have experimental
techniques available to verify the validity of the
assumptions made in theoretical calculations.
Moreover, it is desirable that such techniques be
not only inexpensive but also suitable for
on-site measurements near actual blasts.
Experimental methods reported in the
literature usually fall into one of two categories: (i) fast camera techniques where photographs record the particle velocity induced at a
free face of a rock body or specimen, when the
rock body is subjected to explosive loading, or
(ii) transducer techniques where some calibrated transducer (e.g. velocity meter, acceleration meter, strain gauge) is attached to the
rock face, or embedded in a cavity in the rock,
to record the movement of the latter under
explosive loading.

In such tests, because transducers are often
irrecoverable, strain gauges, which are significantly less expensive than other types of
calibrated transducers, appear especially attractive for large~cale in situ measurements.

In Situ Dynamic Strain

Measurements in Rock

R.F. Favreau,
College militaire royal de Saint Jean,
Saint Jean, Quebec.
S. Chung,
Explosives Research Lab. of
Canadian Industfies Ltd.,
Beloeil, Quebec.

Previous Work

Many references (2) (3) can be found in the
literature of dynamic in situ strain measurements in rock subjected to explosive loading,
particular mention going to the U.S. Bureau of
Mines who carried out extensive tests with
strain gauges. In this work, the strain gauges
were grouted in separate circular boreholes
drilled parallel to the shot-hole and some
distance from it. The location of the strain
gauge (Figure l) was usually along a diameter
of the gauge-hole, oriented so as to be on a
radius from the centre of the shot-hole.
1bis technique, however, suffers from
several disadvantages. For one, the fact that the
gauge is in a circular hole implies that the stress
wave must fust strain the cylindrical grouting
material, and then the grouting material must
itself strain the gauge. This leads to loss of
response, as can be realized by imagining the
difficulty in deforming a long, thin cylinder,
not along its length but along one of its
diameters - especially considering the fact that
this deformation depends on the degree of
bonding between the cylinder wall and the
Favreau, Chung
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FIGURE 1
surrounding medium. Moreover, for short shothole to gauge-hole distances, the stress wavefront is narrower than the length of the gauge,
so that the latter is not acted upon simultaneously along its entire length; thus the
measurement obtained is some complicated
spatial/time average of the true strain.
For these reasons, previous wodcers have
usually placed their gauges well away from the
shot-hole, at distances normally 5 ft and
greater. Being so far away, it was necessacy to
place a series of gauges at various distances
from the shot-hole, so as to be able to
extrapolate back to it. nus not only imposed a
large number of measurements, but also introduced uncertainty in the extrapolated results,
since it was necessary to assume that linear
extrapolation* was valid; more recent work (1)
suggests that linear extrapolation is improper in
the region near the shot-hole.
Present Tedmique

The present teclutique attempts to overcome these drawbacks by using a differently
shaped enclosure to embed the gauge. By means
of a coromant cut, that is, a series of adjacent
parallel holes of half-inch diameter, the circular
gauge-hole is replaced by a slit (Figure 1).
Moreover, the slit, and the strain gauge grouted
in it, are oriented along the circumference of a
circle centred at the shot-hole. This affords
several advantages. For one, the gauge now
measures "circumferential" or "tangent" strain,
•unear 11xtrapolstlon on plots of log strain vs. log
distance is meant here.
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a quantity which can theoretically be shown {l)
to display a gradual rise in magnitude with
time, while the "radial" strain previously
measured displays a very abrupt rise in value on
arrival of the stress wavefront; thus the strain
gauge is less likely to be broken by the first
impact.
Moreover, in view of the close proximity
between gauge and solid rock, and due to the
additional grip afforded by the teeth along the
wall of the slit, loss of response is less likely to
occur due to slipping along a plane parallel to
the gauge. A further possible advantage, in the
opinion of the authors, is that a knowledge of
"tangent" strain is more applicable than
"radial" strain in predicting the actual blasting
performance of an explosive, since most of the
useful disruption of rock in a blast results from
tension failure, not compression failure. Thus,
it has been possible with the new technique to
reduce the shot-hole to gauge-hole distance to
some few inches, thereby almost completely
removing the need for extrapolation.
It might be mentioned that the present in
situ method evolved from earlier miniature
tests, carried out with a small charge in a
borehole in a small cylinder of synthetic rock
into the wall of which strain gauges had been
cast directly. The superior bonding acltieved
there allowed tests to be done within about one
inch of the explosive;however, this procedure is
rather limited to miniature experiments where
normal commercial explosives cannot usually
be used due to their restricted critical diameter.
Typical Expariman1al Results
The technique has now been applied to
actual large-scale blasts. Some typical results are
as follows.
TABLE I
Strain Gauge Comparison of Different
Explosives in Limestone

Explosive

ANFO

Commercial Commercial
Sluny
Slurry
No.1
No.2

ShQt hole radius
(em)

RQck thickness
(em)
Induced particle
velocity (m/ sec)

5.1

5.1

5.1

10.1

9. 9

10.8

67

314

91

In this table, the induced particle velocity u
is used as the chief criterion for comparison,

since it represents a direct measure of the action
of the explosive; it is, moreover, a result unadulterated by theoretical conversions. It is
obtained from the rather straight initial slope of
the strain-vs.-time curve recorded on an oscilloscope. Usually, the strain gauge breaks after
some few tens of microseconds; however, this
does not prevent the slope from being evaluated
independently of the time elapsed before the
gauge breaks. It is evident from the table that
the technique can indeed discriminate between
different explosives, and this on the basis of a
measurement that is directly related to actual
blasting in rock (as against methods that
measure the action of explosives on some
medium like water).
Conclusions
A modified method has been described for
embedding strain gauges to measure in situ
dynamic strains induced in rock by explosive
loading ; it appears to present advantages over
previous methods: (i) it affords better gauge
response; (ii) with it, measurements closer to
the shot-hole are possible, thus removing the
need for ambiguous extrapolation and lessening
the number of results required; (iii) it is
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relatively inexpensive; and (iv) it appears to
discriminate adequately between different
explosives. It presents certain disadvantages: (i)
gauge holes cannot be made more than about
one foot deep, so a collar problem arises; and
(ii) the method does not usually obtain the
peak strain since the gauge normally breaks
before maximum strain is attained.
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Abstract
W.A.C. Bennett Dam is the first stage of hydro-electric
development of the Peace RiPer in northeastern British
Columbia (Figure 1). 111e damsite is located near the
head of a deep bedrock canyon at the eastern edge of
the Rocky Mountain FoothOls. The reservoir extends
75 miles west to the Rocky Mountain Trench and then
150 miles along the De11ch in a northwest-southeast
direction.
The present development i11cludes a 600.ft·high
dam; 3 diversio11 tunnels through the right abutme11t,
of which 2 are now serving as low level outlets; a gated
chute spillway on top of the right abutment; and a11
underground powerhouse within the /eft abutme11t
(Figure 2). Consi1Uctioit of the project began in 1962;
first power was generated in September of 1968.
The powerhouse roof was designed to be a
parabolic arch in cross-section and to be supported by
a pattern ofgrouted rock bolts spaced 5 ft apart. Rock
mechanics studies conducted prior to the exca110tio11
of the arch suggested the presence of high residual
stresses in the bedrock. During the exca110tion, downw/1Td movements of the overlying bedrock were
recorded by a number of different methods. The
measurement and suggested nature of this deformation
are discussed in this paper.
The owner of the project is the British Columbia
Hydro and Power Authority. Design and superPision
of consi1Uction was carried out by International
Power and Engineering Consultants Limited of Van·
couver.

Technical Description of Site

The dam is zoned, gravel-fill embankment
600 ft high and 6,700 ft long, built of glacial
outwash material conveyed from a borrow area
3 miles away. Figure 3 shows a cross-section of
the dam illustrating the different zones of
gravel fill. The total volume of the dam is
57,200,000 cu yds of compacted material. The
spillway at the top of the right abutment has a
discharge capacity of 375,000 cfs.
The powerplant is located within the left
abutment beneath the downstream toe of the
dam. Water enters the intakes upstream of the
left wing of the dam before flowing down
18-ft-diameter penstocks to the turbines in the
lower part of the powerhouse chamber. The
chamber is 890 ft long, 153 ft Wgh and 67 ft
wide. At full development, ten 31 O,OOO.horsepower Francis turbines will each drive a
227-megawatt generator.
Power generated at 13,800 volts is transfer·
red up lead shafts to the surface switchyard
downstream of the dam where it is transfonned

Behavior of the
Underground Powerhouse
Arch at the
W.A.C. Bennett Dam
During Excavation
A.S.Imrie
Engineering Geologist, International
Power and Engineering Consultants
Limited, Vancouver, B.C.
L.T. Jory

Consulting

Geologist,

Dolmage,

Campbell and Associates, Vancouver,
B.C.

to 500,000 volts. From here the power is
transmitti:d to southern British Columbia by
two 550·mile-long transmission lines.
Water, after passing through the turbines,
discharges into two separate manifolds via
150-ft-long draft tubes. Each manifold is 330ft
long, 105 ft high and 45 ft wide and is
connected to a 66-ft-high horseshoe-shaped
tailrace tUJUlel which conveys the water to an
excavated channel downstream from the dam.
Geology
Regional Geology

The damsite is situated on the eastern
border of the Rocky Mountain Foothills which
are composed of deformed Mesozoic sedimentary rocks. The interior plains to the east are
underlain by flat-lying Upper Cretaceous
sedimentary rocks. To the west are the main
ranges of the Rocky Mountains which are
separated from the Western Cordillera by the
Rocky Mountain Trench. The Rockies consist
of strongly deformed Paleozoic sedimentary
Imrie, Jorv
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FIGURE 1 - Locality plan
rocks, mainly limestone and quartzite. Westerlydipping thrust faults are common in both
the Rockies and Foothills.
The pre-glacial Peace River flowed between
BulJhead and Portage mountains through what
is now known as Portage Pass (Figure 4).
During the Pleistocene epoch this portion of
northeastern British Columbia was located
between two ice fronts: the Laurentide and
Cordilleran ice sheets advancing from the northeast and west, respectively. Toward the end of
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the Pleistocene, a Cordilleran glacier occupying
the Peace River valley reached at least as far
east as Portage Pass as evidenced by a welldefmed terminal moraine which remained
there.
This and other glacial debris remaining in
Portage Pass after the ice receded, forced melt
and glacial lake water to flow south around
Portage Mountain and form the Peace River
Canyon, a deep, narrow structure some 17
miles long.

RESERVOIR

ELEV. 1960'

ELEV. 2050'

PENSTOQ<S

1
I
FIGURE 2- Plan, W.A.C. Bennett Dam
Damsite Geology
The geology of W.A.C. Bennett Dam has
been described in detail by Dolmage and
Campbell (2). Lower Cretaceous strata belong·
ing to the Dunlevy and Gething fonnations
underlie the damsite. Uthologically these formations are similar and consist of interbedded
sandstones, siltstones, shales and coals of
continental deposition.
The Dunlevy Formation contains massive
sandstone beds 20 to 100ft thick separated by
much thinner shale and coal sequences. The
sandstone is well indurated and contains a
chert cement. The shale members are generally
5 to 40ft thick and are composed of compact,
brownish-black, relatively soft silty shale. The
shales do not compress significantly when
subjected to high loading, nor do they swell
significantly when saturated with water. However, freshly exposed shales on the surface tend
to crumble under changing conditions of
temperature and humidity. In the controlled
atmosphere of underground exposures, deter·
ioration of the shales seems to be due almost

entirely to mechanical relaxation of joint
planes.
The Gething Formation crops out only on
the upper portions of the right and left abutments. Thick shale and coal sequences predominate in the Gething rocks.
Structurally, Dunlevy and Gething strata
comprise part of the western limb of a large
anticlinorium which strikes N I 0° W and
plunges southerly. At the site the formations
strike northwest and dip 5 to I 0 degrees to the
southwest. No major faulting is present. Bed·
ding plane slip associated with folding led to
the development of gouge seams in various coal
and shale horizons. Well-developed cleating
exists in the coal whereas poor to welldeveloped jointing is present in the siltstone
and shale. Pronounced jointing is generally
absent from the massive sandstones.
Rock Mechanics Studies

During construction of a large underground
structure, the possibility of having high residual
stresses in the bedrock must be considered
Imrie, Jory
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FIGURE 3- Typical section, left abutment

when calculating the increased stress created by
the opening.
At WA.C. Bennett Dam two methods of
measuring in situ stresses were used. The frrst
was an over-coring drill hole method conducted
in the powerhouse exploratory tunnel (Figure
5). The second method measured timedependent strains of oriented samples by
photoelastic means. Both methods indicated
that the bedrock at the damsite is subjected to
horizontal compressive stresses higher than
would be expected due to the weight of
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overlying rock. Assuming a Poisson's ration of
0.25 the overburden depth of 450 ft in the
powerhouse area would produce a vertical stress
of about 500 psi and horizontal stress of 175

psi.
As measured, the maximum horizontal
stress in the central and southeastern portions
of the powerhouse area has a ma~tude of
1,920 psi acting in a direction N 7 6 E (Figure
6). The minlmum horizontal stress is 1,070 psi
acting S 14° E. The vertical stress in th..iJi region
is 1,050 psi. In the northwest area of the
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FIGURE 5 - Location of rock mechanics studies
powerhouse the maximum horizontal stress is
1,300 psi (N 20° E) and the minimum horizontal stress is 900 psi (S 70° E). The vertical stress
was not measured at this point.

In the central and eastern area of the
powerhouse the direction of the. maximum
horizontal stress (N 76° E) compares favourably with that expected from the regional
Imrie, Jory
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structure. The trend of the Portage Mountain Butler Ridge anticlinorium at the damsite is N
10° W. A regional stress normal to this would
have a bearing of N 80° E. The stress magnitudes in the west end of the powerhouse are
lower and the orientations have changed as
would be expected due to the proximity of the

~I'LAM

obtained for shale compared to sandstone
indicates the difficulties in extrapolating lab·
oratory values to the field. The results are the
opposite of what would be expected from in
situ tests which would have taken into account
the structural discontinuities that are more
prevalent in the shale than in the sandstone.
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FIGURE 6 - Orientation of stress ellipses horizontal plane
canyon wall. The maximwn horizontal stress
trends N 20° E while the canyon wall trends N
16° E.
Moduli and compressive strength measurements were obtained from a number of rock
cores in the powerhouse area (Table 1). These
results clearly show the anisotropic nature of
the bedrock at the damsite. The higher modulus
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Design of Powerhouse Arch Support
The long axis of the powerhouse chamber
was oriented along the strike of bedding which
subparalleled the dam axis on the left abutment (Figure 6). A parabolic arch was chosen
for the roof of the powerhouse as this cross·
section theoretically provides satisfactory stress
distribution around the opening. The top of the

TABLE 1
Summary of Powerhouse Compression Tests

Ultimate Compressive Strength (psi)

Elastic Modulus (106 psi)
Type of Rock

Along
Strike

Along
Dip

Normal to

Along
Strike

Along

Bedding

Dip

Normal to
Bedding

N4 Sandstone

2.6

2.4

2.3

19,800

19,300

17,700

N5 Shale

5.6

4.4

5.3

13,700

11,800

16,300

N5 Sandstone

2.5

2.2

2.6

16,400

18,800

20,300

arch was positioned in a shale horizon 17 ft
below the massive N4U sandstone member
(Figure 3). Pattern rock bolts in conjunction
with a relatively thin concrete arch were select·
ed for permanent support.
Experience gained from the excavation of
three SO-ft-diameter diversion tunnels assisted
the consulting geological engineers in laying out
the rock bolt pattern for the arch. In the
diversion tunnels 3/4-in.-diameter, 10-ft-long
high-tensile steel rock bolts spaced 5 ft apart
had been stipulated for only those areas where

shale formed the arch of the tunnels. During
actual excavation it became apparent that rock
bolts 6 to 8 ft long would be sufficient except
where anchorage in sandstone was desirable. No
rock failures occurred in the diversion tunnels.
High-tensile steel bolts with minimum
lengths of 8 to 10 ft and installed 5 ft apart
were considered necessary for the powerhouse.
Geological cross-sections of the arch rock suggested that the best anchorage would be pro·
vided approximately 14 ft above the "A" line
and the minimum length of bolt was therefore
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FIGURE 7- Geology of powerhouse arch
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increased to 14 ft (Figure 7). This pattern of
fanned 14-ft-long bolts, at 5-ft spacing, in
addition to arching from the abutments, was
judged to be adequate for the basic support of
the powerhouse roof. The NS shale - N4U
sandstone contact, approximately 17 ft above
the top of the arch, was known to be a
potential parting plane and the length of the
central five bolts was increased to 20 ft so as to
anchor in sandstone and increase the friction
across this plane. A preliminary testing program
was conducted prior to excavation in order to
determine a torque-tension relation and the
best anchorage for the rock bolts. Bail-type
expansion shells were selected for the anchorage.
The contract specification called for the
pattern rock bolts to be installed within 5 ft of
the working face within 8 hours after blasting.
These bolts were to be tensioned to two thirds of
the yield strength of the rock bolt (23,000 lb)
at the time of installation. If the rock was
found to be incapable of developing the specified anchorage, allowance was made for a
reduction in spacing of the rock bolts and a
corresponding reduction in the anchorage requirements to suit the capability of the rock.
The torques of bolts within 30 ft of a working
face were to be checked after each blast and the
bolts re-tightened if necessary. Wire mesh and
steel strapping were specified for use as con·
ditions required. Finally, all pattern bolts were
grouted for permanent support, although no
grouting was to be permitted within 100 ft
horizontally of an excavation face. After stress
relieving, described below, a reinforced con·
crete arch was emplaced.
Deformation of Powerhouse Arch

In the initial stages of excavation in the area
where the arch was breached by a construction
access ramp, routine torque checking of previously installed bolts showed that the torque
on a number of bolts was increasing, suggesting
a downward movement of the arch rock.
Quantitative measurements of the downward
movement were obtained from rock relaxation
gauges. These measurement data, which were
used as a guide for supplementary rock bolting,
are presented following a brief description of
the excavation sequence.
Excavation Sequence

The contractor began the excavation of the
powerhouse arch by ramping up from the
26
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previously excavated permanent access tunnel
(Figure 5). This ramp entered near the top of
the arch in approximately the centre of the
powerhouse and provided two working faces so
that excavation could proceed simultaneously
to both ends of the chamber.
Initially, central headings, 26 ft wide and
25 ft high, were driven towards the extremities
of the powerhouse. This ftrst stage of excavation was followed by excavation of two side
faces, 20 ft wide, and two haunch faces, 10ft
wide (Figure 8). The mining sequence in the
northwest end of the powerhouse proceeded
uniformly with the side and haunch faces
generally in close prox.imity to the central
heading. In the southeast end of the chamber,
excavation did not advance in the same manner,
for the central heading was driven well ahead of
the side and haunch faces, especially those on
the southern side of the powerhouse. Figure 9
shows the progress of the arch excavation.
As previously stated, installation of pattern
rock bolts was specified to follow blasting of
each face. Supplementary bolts required in
certain areas were either installed at the time of
excavation or later, depending on information
available from instrument readings.
After excavation of the arch and grouting
of the rock bolts the contractor pre-sheared the
powerhouse walls to an elevation of 1,667 ft.
This pre-shearing was accomplished by drilling
3-in.-diameter vertical holes, 34 ft long at 1·ft
intetvals for the entire length of the chamber.
Alternate holes were then blasted. Removal of a
22-ft·wide slot in the centre of the powerhouse
from elevation 1,701 ft to elevation 1,667 ft
for the full length of the chamber was the ftfth
stage of the excavation. In stage 6 the side
benches on either side of tllis slot were blasted
so that the muck expanded to elevation 1,701
ft. The pre-shearing and partial bench excava·
tion were to allow wall rock relaxation and
inward wall movement to occur before concrete
emplacement. Following concreting of the arch
and subsequent removal of the broken rock, the
downward excavation of the main body of the
powerhouse proceeded.
Deformation Measurements

Rock Relaxation Gauges- The main por·
tion of each rock relaxation gauge consisted of
a steel rod 4 I /2 ft long and 3/16 in. in
diameter, coupled to a standard 16-ft-long,
3/4-in.•diameter rock bolt (Figure 10). This
main portion of the gauge was anchored near
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the top of a vertical 22-ft-long drill hole using a
special hollow wrench. At the collar of the hole
a 2-ft-long, l·in.·diameter hollow rock bolt was
anchored in the surface rock. The lower end of
the 3/ 16-in. steel rod rested freely within the
hollow rock bolt. The distance between the
lower end of the rock bolt and the end of the
steel rod was measured at the time of installa·
tion and at subsequent intervals. An increase in
this distance indicated a relative downward
movement of the strata lying between the 2-ft
rock bolt and the upper end of the gauge.
Gauges were installed along the centreline
of the powerhouse arch every 20 to 30 ft
(Figure 9). The standard gauge was 20.5 ft long
so that it was anchored in N4U sandstone just
above the contact with the underlying N5 shale.
The movement measured below this upper
anchor approximates the total downward move·
ment in the shale which formed the immediate
arch if the relaxation of the massive N4U
sandstone is assumed to be very small. At five
locations in the arch a set of three gauges of
different lengths (6.5, 12.5 or 14.5, and 20.5
ft) was installed to try to determine if most of
the movement was restricted to a particular
horizon.
Gauges were also installed at the sides of
t'IJ.e arch north and south of the centreline but
on a wider spacing.
A total of 70 gauges were installed between
December 28, 1965 and June 1, 1966. The
gauges were all installed at the time of arch
excavation at each location except in the
viciltity of the powerhouse ramp (station 3+65
to station 5+50). The arch movement in the
region northwest of the powerhouse ramp was
far less than that recorded in the region to the
southeast. In the latter region, gauge movements along the centreline averaged 2.5 in.
reaching a maximum of 5.8 in. near station
7+ 10; to the northwest, the movements averaged 0.40 in. reaching a maximum of about 1
in. in the vicinity of station 3+50 to station
4+50. the movement recorded by each side
gauge was less than for the adjacent centreline
gauge but the pattern of movement was similar.
Displacement- time graphs plotted for the
gauge sets at stations 7+ 10 and 8+05 reveal
some significant factors about the nature of the
arch movements (Figures 11 to 16 ). The arch
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FIGURE 10- Installed rock relaxation gauge

obtained just prior to and then after a blast this
movement pattern was confumed.
Results from four of the five sets of three
gauges show that virtually all the movement
measured occurred within 14.5 ft of the arch
and that this strain was distributed fairly
uniformly throughout the distance. The fifth
gauge set at station 7+ I 0 showed that 1.4 in. of
movement occurred between 12.5 and 20.5 ft
above the arch. Slightly more than 1 in. of
movement was measured in the interval between 6.5 and 12.5 ft, and 3.3 in. of movement
was measured in the lower 6.5 ft of rock.
The structural rock bolts were grouted
during April and May 1966. To ensure that
inadvertent grouting of a gauge was not responsible for the lack of recorded movement
afterwards, three additional relaxation gauges
were installed after completion of the grouting.
These last three gauges were read until August
1966 and recorded only minor creep of the
arch.

during a blasting delay, March 18 to March 25,
and ceased altogether with the completion of
arch excavation in the second week of May.
This was true of all gauges in the southeast half
of the chamber. To the northwest the arch
movements diminished considerably after the
full arch opposite a gauge had been opened for
about two weeks (Figure 17). During this time
the excavation face had advanced 60 to 70ft.
Minor movement occurred, however, until early
May.
Although arch blasting definitely affected
the movements recorded by the gauges, the
pre-shearing and the excavation of the under·
lying bench, carried out at the times indicated
on the graphs, had no marked tendency to
accelerate or retard these movements. The
supplementary rock support installed in certain
areas slightly retarded the rate of movement.
With regard to the shape of the displace·
ment . time graphs, gauge readings were
generally made on a daily basis rather than
immediately before and after blasting of a
certain portion of the arch. The slopes of the
graphs (Figure 18a) are therefore not a true
indication of the movement pattern which
probably resembled a step-like pattern (Figure
18b). In the few instances where readings were

Seismophone - A portable seismophone
unit, consisting of a geophone, amplifier, earphones and tape recorder, was used during the
last half of the arch excavation. This in·
strument, developed by an American insurance
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the top of the arch at station 7+00. Seismophone readings could only be taken during the
rather rare periods of construction stoppage,
thus severely limiting the instrument's use. The
rock noise measured consisted of individual
"pops", which were counted by an observer
during listening period of 5 to 10 minutes. Tape
recordings of the noise were made for permanent record.
Little activity was observed, even at measuring stations near relaxation gauges which
showed relatively high rock movements. The
average rate of noise was under five "pops" a
minute, exceeding this value only at stations
near recent excavation. The low activity again
suggests that the major amount of movement
occurred at the instant of blasting.
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FIGURE 18- Shape of time displacement
graphs

firm in conjunction with the United States
Bureau of Mines (Crandell (1)), detects microseismic activity in rock undergoing relaxation
or readjustment.
Horizontal holes 5 ft long were drilled at
intervals of 100 ft in the upstream haunch or
side headings of the powerhouse for use as
measuring stations. these stations were all at
the arch invert level except for one located near

Drill Hole Probing - Eight vertical diamond
drill holes were cored in the powerhouse arch
during March 1966 in order to observe the
physical state of the rock immediately overlying the partially completed arch. Three holes
were drilled from staging at the top of the arch
at stations 5+62, 6+60 and 7+30. Five holes
were collared near the north haunch and drilled
from the invert at stations 2+50, 4+00, 6+85,
7+00 and 7+15. In November 1966 tluee
additional vertical holes were cored tluough the
concrete arch along the centreline of the
powerhouse at stations 3+00, 5+00 and 7+20.
The three vertical core holes (NX) drilled
along the centreline of the chamber in March
1966 provided a limited visual observation of
the rock immediately above the arch. Horizon·
tal fractures could be seen in the rock immediately above the collar of each hole and an
attempt was made to measure these observed
cracks and those suspected above them..
Measurements were taken using a graduated,
wooden loading stick with a nail probe
attached to one end. Readings were taken at
two different times in April 1966 and the
results are given in Tables 2, 3 and 4.
The results of this probing cannot be used
to estimate directly the amount of rock relax·
ation which occurred between April 6 and April
19, 1966, because slightly different methods of
measurement were used. In the first set of
readings care was taken to try to distinguish
between fractures in the rock and chipping of
the side of the hole at a fracture during drilling.
This precaution was not taken for the Aprill9
readings.
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TABLE 2

Drill Hole Probing, Station 5

TABLE 4
Drill Hole Probing, Station 7

+ 62

Estimated Size of Crack

Distanoe from Collar

Apfil 6/66
16 Probe

1I 611
I

11

1/ J 6

} / II

1/16"
1/16"

9: 2~ , ,

NR,

NR

l/16"11

1/16

3/811

NR_
11

111611

11'1o3!,."
1 11
1210
1
16 to 20

1/4 11
1/ 16

NR11
l/16
No measurements

5/8

Estimated total

1

1/8,,
1/8,
1/8

'2

1010"11
1019
11 0"

1/8

l/16

1/8"

,,,

NR

11

1 '2

NR- No fractuce(s) recorded

}I
1

2'
I

31

8"
J II

II

tO%

19"
I

41;.::,

31 511 2
4 3
I
1/. II
4 7 4
4' 8 l/ "
2
4' n"
1
7 2"
I
1/. tl
7 3 2
1'I s"II
71 7 3/_ II
8 7 4
8' 914"
1
11
9 7 1/,4
10'6"

11'6;:

TABLE 3

Drill Hole Probing, Station 6

Distance from Collar

o'

1%~:1

NR 11

Estimated Size of Crack

NR 11.

1/811

NR

11 811'2
11 9
71 o"
81 10 1/,."
9 o"

9 19

Apljil19/66
20 Probe

11'8

+ 60

12'o"

121311
1 11

1219
3
12 1R /.."

Estimated Size of Crack

Distance from Collar

Apfi16/66

April19/66

16 Probe

20' Probe

1

11

1 4"
1
11
I

s"
o"1/,

1

2

2

~I

II

21 6"11
61 6
6 1 9"
6 I u"
J/ II

1/411
1/411
1/811
1/8

NR11

NR 11

1/16
1/8

10'o"
1
11

1/ 1611

1o;s" II
1143/,.11

12'61/2
1

13 15
1510"
16 to 20·
Estimated total

1/ 16
NR
NR11
1/16
NR
No measurements

1

?'f.

1/4

3/8

NR11

3/8

1/1~"
1/4

NR

NR11
1/ 1611

9 4 '•

1

NR 11

1/8"11

h?"

10 2

!/8

II

16

1/8"11
1/4
NR
NR11

l/16

1/s::
1/8,
1/4
NR
Jl,

2 '•

NR - No fracture(s) recorded

Table 5 gives a comparison of the total
amount of fracturing measured by the probe
and the movements measured by adjacent
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+ 30

13'0'

1 11

14 4

Estimated total

APfil6/66
16 Probe

1!8" 11

1/1611
1/161
1/16 ;
1/8'11
l/8 11
3/16

April19/66
1
20 Probe
11

3/811
1/411
1/16 11
1/811
3/8
NR 11

7/8 11

NR11

3/8

1/16
1/16':
1/16'

NR
NR
NR11

:n1=
NR

NR
NR 11

1/16

NR 11

1/4

11

NR
NR
NR11

1/ 8

1/1611
1/1611

l/8

1/16

11

1/811

NR 11

7/8 11

NR
NR

1/1611
1/1611
1/16

1/16

~~~"

1s;,16 "

3/811

NR

4

Sf.tl "

NR - No fracture(s) recorded

gauges. The data suggests that 60 to 80 % of the
gauge movements recorded to April 6 can be
accounted for by the opening of the fractures.
The results of April 19 readings show that the
amount of fracturing exceeds the gauge movements probably due to mistaking chipping for
open fractures.
From Tables 2, 3 and 4 the limit of
fracturing appears to be 12 to 14ft from the
collar of the hole. This agrees with the relaxation gauge information of the sets of gauges. It
was also noted in the probing that two slight
offsets (0.5 and 0.75 in.) had occurred in the
strata near the collars of two of the holes after
drilling. The underlying rock moved toward the
southern side of the chamber relative to the
overlying rock.
The results of the coring conducted at
station 7+20 t hrough the concrete arch are of

TABLE 5
Comparison of Gauge and Probe Measurements

April6
April l 9

Inches of Movement
Gauge 5 +81
0.91
1.05

Gauge6 +69
April6
April 19
Apri16
Apri119

1.72

2.10
Gauge 7 +32
2.00
3.08

Inches of Opening
Probe 5 +62
0.6
1.5
Probe 6 +60

1.4
2.3
Probe 7 + 30
1.3
4.6

interest because apparently no grout was intersected in the area where the arch had undergone the maximum deformation (5.8 in.)
during excavation. The NX borehole camera
available at the site could not be used to
substantiate this fmding because the drill hole
was BX in size.
Absolute Movement Measurements - As
indicated above, the rock movements measured
by the relaxation gauges are relative movements
only, although if the relaxation in the massive
N4U sandstone in which the gauges are anchored is considered negligible, the recorded
values should approximate the total downward
movement. An attempt was made to check this
assumption during the latter stages of excava·
tion by precise survey methods. As with the
seismophone, periods of measurement were
very limited. There was no evidence to indicate
downward rock movements in excess of those
measured by the relaxation gauges.

Nature of Arch Movement
Because of the anisotropic state of the rock,
it is difficult to form defmite conclusions
regarding the nature of the arch relaxation
recorded by the gauges. A comparison of the
measurement readings in the east and west ends
of the powerhouse, however, gives some insight
into this relaxation. Rocks above the arch are
thought to have moved by the following
mechanisms: 1. homogenous elastic and
el astico-viscous expansion, 2. downward
bending, and 3. opening of horizontal tension

cracks.
Blastic and elastico·viscous dilation probably contributed the least amount to the total
movement measured by the relaxation gauges.

These gauges were installed near the face of the
centre heading up to 8 hours after blasting and
most of the truly elastic deformation would
have occurred by then. Elastico-viscous movements (time-dependent strain) occurred for
some time after this but these movements are
believed to have been small. At the Poatina
underground powerhouse a downward roof
movement of only 0.07 in. was accounted for
by dilation in rock of similar lithology and in
situ stress conditions [Endersbee and Hofto ,
(4)].
Downward bending of the strata under the
influence of the horizontal compressive stresses
also contributed to the arch movements but
this mechanism is not believed to have contributed the major part. While the horizontal
stresses are hlgher in the east end of the
chamber than the west end (Figure 6), the large
differences in maximum movement between
the two areas (5.8 in. as opposed to I in.)
cannot be entirely due to the difference in
stress levels.
The main mechanism of arch movement
would appear to have been the opening of
horizontal tension cracks caused by blasting.
One theory of blasting [Duvall and Atchison
(3)] is that most of the fracturing in rock
exposed to a blast is the result of compression
waves being reflected into tension waves at a
free surface; the rocks fail in tension, the tensile
strength of rocks being much less than their
compressive strength. At W.A.C. Bennett Dam
the stress distribution in the rocks above the
arch during blasting was very complex. Compression waves, reflected from the overlying
N4U sandstone contact as tension waves, were
probably a factor in the formation of the
fracturing observed above the arch.
The east end of the powerhouse was subjected to dynamic loading over a longer period
of time than the west end. At any one point in
the excavation sequence (Figure 9), the central
heading advanced far ahead of the other faces.
Following the excavation of the side faces on
the north side of the powerhouse, the excavation of the south faces was carried out up to
two months behind the central heading. Each
episode of side blasting subjected the arch to
severe vertical loading and kept the rock active
so that it relaxed considerably. In the west end
of the powerhouse the excavation was more
rapid and unifonn, and the dynamic loading
had less effect.
Imrie, Jory
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Evidence, however, suggests that the movements recorded in the southeast end of the
powerhouse would have been higher than in the
northwest end regardless of the excavation rate.
The &hale sequence above the arch in the
southeast end (Figure 19) contains more coal
seams than the &hale sequence in the northwest
end, giving the former a lower tensile strength.
The formation of horizontal tension fractures
would thus occur more readily in the southeast
end of the powerhouse.
This situation can partially explain why
more than 1 in. of movement occurred at station 7+10 before the excavation of any side or
haunch faces. Of perhaps greater significance,
however, is a structural flexure which occurs in
this vicinity (station 6+60 to station 7+ 15,
Figure 19). The stress conditions in this region
would probably be higher than in the surrounding rock and the resulting movement either by
dilation or bending of the strata would also be
higher.
Conclusions

1. Elastic theory presently serves as the
basis for trying to predict the behaviour of
homogeneous rock masses under changing stress
conditions. Deviations from elastic theory may
be considerable as was observed with the
anisotropic rock formations in the powerhouse
roof at W.A.C. Bennett Dam. Assuming an
elastic, isotropic rock mass, inward wall and
roof movements of somewhat less than 1 in.
would be expected. During excavation, localized roof movements of over 5 in. were
recorded. The need for a flexible support design
to meet conditions such as these is very
important in anisotropic rocks.
2. During excavation of a large underground opening, it is necessary that the effects
of forces on the rock immediately surrounding
the opening be carefully monitored in order to
detemtine whether the design support is
functioning as intended. If these forces, which
may be the result of dynamic loading or in situ
stresses, give rise to larger rock readjustments
than expected, supplementary support can then
be installed without delay. At W.A.C. Bennett
Dam, rock relaxation gauges were successfully
used for this monitoring.

3. For a large underground opening the
most critical period for the support system
occurs during excavation. Complex dynamic
loading results from the blasting used in conventional mining methods. Control over exca·
vation procedures must be carefully exercised
so that this loading has the least possible effect
on rock readjustments. The problems created
by dynamic loading would be overcome by the
adaptation of turmel boring machines for use in
powerhouse and similar excavations. Rock
disturbance and the amount of support re·
quired would be significantly less.
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DISCUSSION

Barry Voight,
College of Earth and Mineral Sciences,
The Pennsylvania State University,
University Park, Pa.• USA.
Included in the rock mechanics investigations reported for the powerhouse exploratory
tunnel are two independent studies of in situ
stresses. The practical aspects of this work is of
interest because stress measurement procedures
in general have been regarded as controversial.
In the last few years ill will on the part of mine
managers and practicing engineers has been
understandably generated, in many instances,
due both to misunderstandings and to statements by certain stress measurement specialists
in which the case for immediate practical
application of "measured" stresses had been
overstated, while at the same time the technical
difficulties and simplifying assumptions re·
quired for stress detennination were being
ignored or minimized.

In order to increase understanding of the
practical application of the stress measurement
work reported for the Bennett site, I would,
therefore, ask for further clarification of the
following points:
1. How were the ground stresses reported
for the Bennett powerhouse site actually
employed in design of the powerhouse arch?
2. Were the stress measurements used in
formulating an excavation sequence? In this
regard, was the pre-shearing of the powerhouse
walls predicated by the high lateral stresses
reported, or would this procedure have been
followed irrespective of stress measurement
results?
3. The paper suggests that agreement be·
tween time-dependent photoelastic methods
and drill hole overcoring was obtained. What
level of agreement was in fact obtained? Were
the principal stress magnitudes and orientations
approximately duplicated, or does "agreement"
simply suggest that both methods indicated
high lateral stresses. Further elaboration on the
results of the time-dependent photoelastic
method and environmental controls (e.g.,
temperature, humidity) would be useful, for
several workers (myself included) have expressed serious resetvations as to the adequacy
of the method.
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4. With respect to the results due to the
overcoring method, further elaboration would
be useful. I would like to see the individual
results from boreholes M.P. I to M.P. 8. If
multiple measurements were made in each
borehole, would the authors please list these
results; if averages of multiple results were
ultimately chosen to represent the state of
stress in each hole, would the authors illustrate
the methods of data selection and averaging
used?
Furthermore, the vertical stresses as given
are approximately double the value which can
be accounted for by the weight of overburden
rock. While precise equality of the overburden
pressure component with the vertical stress is a
special case (seep. 334,Proceedings of the First
Congress, Inter. Soc. Rock Mechanics, 1966, v.
III), a disparity of the present proportions may
lead to difficulties, both with respect to the
vertical stress itself and with the confidence
attached to the determined lateral stresses.
Would the authors care to comment on this
question?
5. Finally, it is claimed that the measured
stresses are oriented in a manner that might be
expected from considerations of regional structure (i.e., the anticlinorium) and local topography. This seems to be an oversimplification
of the problem of principal stress orientation
predictions. In fact, the relation between geologic structural features and in situ stresses is
simply not known at the present state of the
art. Detailed geologic structural work coupled
with unambiguously determined field stresses
will be required at a number of localities before
we can make any such predictions with confidence. Studies of this kind are only beginning,
and the interpretive problems attached to field
stresses and their related geologic mechanisms
are very much open questions at this time.
K. Barron,
Mining Research Centre,
Department of Energy, Mines
and Resources, Ottawa.

1. Additional details on the rock stress
measurements would be appreciated. In view of
the anisotropic nature of the bed rock and of
the nature of the techniques used there would

have been problems with interpreting the
measurements. Further it would have been of
interest to know whether sufficient measurements were taken to enable an estimate of the
errors to be made.
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2. From the magnitude of the reported
deflection measurements it would be appreciated that loose rock and, possibly, some falls
would have occurred; an evaluation of this
would have been of interest.
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Abstract
Numerous instrumental observations have
proved tlwt large changes in stress and deformation occur on the rock and concrete linings
around development workings below undercuts
while the latter are being created in block caving.
It is shown that some insight into these phenomena can be gained by reference to existing
mathematical solutions of the plane, statical
theory of elasticity. Further, the application of
gelatin mixture models in conjunction with
photoelastic methods can be used as a potentially fruitful approach to the problem. Three
undercutting methods in a linearly elastic, homogeneous and isotropic rock under gravitational
loading have been analyzed The aim of the
study is the detennination of the influence of
the geometric parameters involved and the optimum layout. An annulus of mechanical properties different from those of the rock medium
is also introduced in some cases to simulate the
effect due to the existence of a lining in the
opening below the undercut.

Insights into Undercutting
in Block Caving

Giovanni Barla
Preceptor, Henry Krumb School of
Mines, Columbia University, New
York, N.Y.
Stefan Boshkov
Professor of Mining and Chairman,
Henry Krumb School of Mines,
Columbia University, New York, N.Y.

Introduction

Numerous instrumental observations, reported by the United States Bureau of Mines ( 1)
(2), show that large changes in stress and defonnation occur in the rock and concrete linings
around the openings below the undercut, while
the latter is created.
These phenomena may be explained on the
general assumption that the undercut removes
the effect of the vertical stress to which the
openings were formerly subjected. Existing
mathematical solutions in the classical theory
of elasticity may be used based on this assumption (3).
Although this approach may be a good flrst
approximation, it is insufficient to completely
describe the conditions encountered in an
actual block caving operation. Not only must
one allow that the rock may not be expected to
behave as a linearly elastic, homogeneous and
isotropic medium, but also that it may be
fractured and that the geometry defining the
shapes and relative locations of the openings
may be quite complicated. Further, it may be
reasoned that the interaction between these
openings must be studied in an appropriate
initial stress fleld.
Although numerical techniques have al·
ready been developed to cope with some of the
factors which make the problem difficult of

formal solution, one faces, in addition, the
existing lack of knowledge of the rock mass
physical and geological properties.
The application of concepts of the classical
theory of elasticity and experimental methods
involving two-dimensional photoelastic analysis
is justified, particularly when the assumption of
zero vertical nress component by undercutting
is removed and gravity effects are considered.
In this paper an approximate theoretical
solution for such a case is obtained by the
method of superposition. Then, gelatin mixture
models and photoelastic techniques are used to
analyze three typical undercutting sequences.
The Problem

The choice of a proper procedure for
undercutting in block caving is of primary
importance in mining practice. It detennines
the stability of the extraction openings and,
consequently, the maintenance costs. Progress
in this respect has come mainly from field tests.
Theoretical and experimental investigations are
limited. This results from the difficulty of
conceiving a complete, either mathematical or
experimental, representative model.
Barla, Boshkov

41

I I
I I

-· - -

I '-- -

-

-

-

-

-

r -

1

~-

-

-

1

I
I

I I

I I
I I

I I
I I

~~

~q

I I

I I
I I

~~

~~

I I
I I
I I

I I
I I
lr;l
151

-

-

-

-

-

-

1

~-

-

-

I I

~~

I I

~~

- - - ~
1 , - -1

I
I I
I I

(I I

~1

I I
I I

~q

~~

I I

~d

I I
I I

~~

I I
I I

I I
I I

~d

I I

~ ~~ ~
I I

~ i5 ~~ I~

~~
I I

I I
I I

~~

I I

~~
I I
I I

I I
I I

I I
I I

~~
I I

~q

I I
I I

~i

1I
I I

iioc!

I 1

~~

~q

I I
I I

I I

Ill ~

I I
I I

-~If'--

-

-'

- -

1 1- -

~~

I I

~q

~

I I

~m

I I
I I

I I

::> ..

L-- - - - - - - - - -

~~
I I
I I

~rf

,,_
11

--- ------ -

- ,,_ -

-

4 I

Considerable simplification is gained when
specific situations which occur in block caving
are examined.
Figure 1 shows a stope plan at the undercut
level in a typical undercut caving operation,
where undercut stopes are driven and pillars left
on top of the drifts. Another typical caving
method is illustrated in Figure 2. Pillars of ore
are left to create a series of adjacent panels
which are then worked together.
An analysis of Figures 1 and 2 suggests that
one consider the following undercutting sequences:

(I) Undercut passing over a drift.

(11) Undercut advancing toward the sides of

a block.
(UO Undercut advancing toward a pillar.
These three undercutting sequences are
depicted in Figure 3 together with a schematic
idealization which may be deemed representative. This is intended to be a two-dimensional
idealization and introduces considerable simplifications into the problem. It must be recog·
nized that a three-dimensional idealization
would be more appropriate particularly when
42
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FIGURE 1 -Stope plan at undercut level
in a blockcaving operation.

_J

studying the undercutting sequence (II) (See
Figure 2).
Formulation of a Theoretical Solution
The problem defmed in the previous paragraph is a particular case of the most general
two-dimensional situation where adjacent,
equally or differently shaped, openings are
located in a gravity loaded continuwn. Numerical methods are being used to obtain a
complete solution for this problem ( 4). A
procedure to evaluate the approximate tangential stress at the contour only of the circular
drift, based upon the application of the superposition principle and known solutions in the
classical theory of elasticity, may make use of
the following infonnation:
a. Tangential stress around a circular hole in
a half space of zero weight under a uniform
nonnal load applied to a segment of the
straight line edge.
b. Tangential stress around a circular hole in
a half space of zero weight under a uniform
nonnalload "extended to the right" and/or
"extended to the left" and applied to the
straight line edge.
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FIGURE 2- Stope plan at undercut level in a panel caving operation.

c. Tangential stress around a circular hole in
a half space of zero weight under a uniform
load parallel to the straight line edge (5).
d. Tangential stress around a circular hole in
a half space of non-zero weight (6).
For the sake of completeness, solutions for
these problems are given in Table 1. For
problems c. and d. above, exact solutions are
available; for problems a. and b., the solutions
are only approximate. To estimate the order of

this approximation, we consider frrst the existing solution obtained by Batjansk:y (7) for
the tangential stress around a circular hole
which is located in a so-called plane Boussinesq
field. Due to the complexity of such a solution,
the analysis is limited to the case when the
normal point load acts along the line passing
through the center of the circular hole, as
represented in Figure 4. We have, in this case,
the following series solution for the tangential
stress around the hole (7):
Bar/a, Boshkov
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One may notice that when compromise
solution, equation 2, is used instead of equation
1, errors are introduced, especially for values of
h/a less than 2. Both curves tend toward a limit
curve(whenh/a -+oo) which is simply the plot of
the tenn ( l - 2 cos 2a). If tllis is kept in mind,
solutions (a) and (b) of Table 1 can be placed in
proper perspective.
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Eq. 1

where a system of bipolar coordinates (~m) is
used so that

and

It has been shown in (8) that a prototype
rock may be replaced in a model with a "soft
material" sensitive to body force effects and
chosen in such a manner that its mechanical
properties may be related to those of the rock
structure by a change in the scales of stresses,
time and displacements. Possible applications
for gelatin mixtures are suggested by the
foDowing.
If the rock structure under investigation is
composed of linearly elastic materials, and
uniform conditions are assumed to exist for the
model and prototype,
a. the equation for conservation of mass,
b. the equation for balance of linear momentum,
c. the conditions for equiUbrium on the
rurf~eboundary,and

d. the constitutive equations of the rock
mass give (8)

~ = ~0 cos· ~
1

represents the periphery of the circular hole, h,
p, and a are defmed in Figure 4.

x'

u'

A compromise solution for the same prob·

X

U

lem can be obtained in the same way as those
for a. and b., by using the principle of
superposition:

E'
E

=€, p

2p

Ttt

2

= 1rr (4cos (j - 1)

Eq. 3

e p' x'

Eq.4

X

o'
Eq.2

if the circular hole is assumed to be in a
unifonn stress field (~ ), equal to that which
would have existed alg~g its contour under the
same loading conditions if the hole had not
been created. (3 and r are shown in Figure 4.
The stress concentration ratio 1' ttl%}1 vs. position along the circular boundary is plotted in
Figure 4, for cases in which h/a =2 and 5. The
solid lines relate T tt derived from equation 1
and the dashed line, the value derived from
equation 2, 2p/trx 1 , is the value of stress which
would have existed under the same load conditions at a point located at the same depth
along the center line, if the hole were not
present.

Eq.5

0

T'

1'

-T =-.
r

Eq. 6

where

x = rectangular coordinate
u = component of displacement
E = Young's modulus
~ = strain component
p = mass density
a = Poisson's ratio
T = boundary force
T = stress component
and the primes denote the same quantities in
the model.
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The above design criteria must be valid
simultaneously if complete similarity between
the model and prototype is to be ensured.
However, some limitations arise. Equation 4
can be satisfied only if a large ratio between the
strains of the model and those of the prototype
is allowed. Then, if this fact is related to
46
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equations 3 and 6, which require the strain to
be equal at analogous points in the model and
prototype, a limitation becomes immediately
evident. Furthennore, the requirement that the
Poisson's ratios of the model and the prototype
be identical cannot be satisfied, because the
gelatin mixtures have a o' = .5 .

Gelatin mixture models used in conjunction
with photoelastic methods require one to
choose a proper calibration technique. In the
present case, the extremely high dependence of
the mechanical and optical properties of gelatin
mixtures upon variations in temperature, relative humidity, mold time and gelatin composition, requires the simultaneous conduct of
both calibration and model tests. A calibration
procedure for gelatin mixtures known as the
"block test" was described in (8). This permits
one to evaluate, at any time: 1. the modulus
function in shear, 2. the photoelastic stress
coefficient, and 3. the photoelastic strain
coefficient. In addition, creep curves can be
obtained which allow one to detennine, at any
time, the maximum shearing stress-maximum
shearing strain relationship, defming the physical behavior of the mixture. Thus, the gelatin
~ mixture can be checked for physical linearity.
Results and Discussion
Following the schematic idealization of
Figure 3, gelatin mixture models* were constructed to analyze undercutting sequences (0
to (III). The experiments dealt with three series
of such models which were classified in accordance with the undercutting sequences they
represented:
Series A - Undercut passing over a drift.
Series B - Undercut advancing toward the
sides of a block.
Series C - Undercut advancing toward a
pillar.
The models were tested within a frame over
which two thick plexiglass plates were clamped
and careful lubrication was provided. In this
manner, conditions of plane strain were represented quite satisfactorily throughout the test.
The experimental methodology used is described in (8).
The photoelastic analysis consisted of
taking photographs of dark-field and light-field
isochromatics at various times during the ex·
periment. The simultaneous conduct of the
calibration test furnished values of the photoelastic stress coefficient, thus allowing the
detennination of the maximum shearing stress
•Gelatin mixtures with 15% of gelatin and a
water-glycerin ratio 3 : 1 were used for all tests.
Experiments were carried on in air-conditioned
room under continuous recording of temperature and relative humidity.

at each point in the model and of the tangential
stresses on a free boundary. In order to furnish
additional information for the analysis, isoclinic
lines were also traced. Techniques for the
determination of the sign of the stresses and of
the fractional fringe orders could also have been
applied. However, the latter are used very rarely
in such work because of the high optical
sensitivity of the gelatin mixtures and the
ability to utilize their time-dependent behavior
to advantage with shifting isochromatic lines
covering different areas of the model at dif·
ferent times.
The experimental results are presented for
each series in Tables 2 and 3, and Figures 5 and
6. Figure S(f) and Figure 6(c) and(f) describe
the history of stress concentration changes at
the circular drift boundary points defined by ()
=0° , 90°. The tangential stresses are calculated
using the method given in the Tables. The final
results, for each model, are given in terms of
stress concentration factors, i.e. the avera~e
value of the tangential stress (r u)e == 0° or 90 ,
normalized to the weight of the gelatin mixture
above the circular drift (pgh 1 ).
Since previous tests had proved the desira·
bility for increasing the value of h 1 proportionally to the maximum linear dimension of
the opening, Table 2 is arranged to reflect this
change for models lA to 4A. In Figure S(a),
(b), (c) and (d), and Figure 6 (a), (b), (d) and
(e), the lines of equal maximum shearing stress
normalized to (pgh 1) are depicted for each
model series.
The following behavior patterns may be
noted for the series of experiments.

Series A
1. A sharp rise of both the back (at (} = 0°)
and rib (at 9 == 90°) tangential stresses around
the drift occurs when the undercut passes over
it (~ = 4a in Figure 5). The relative increase
is 90% and 55%, for the back and rib tangential
stresses respectively, of the value before undercutting.

2. When the undercut increases further in
lateral dimension, both stresses decrease. However, the back tangential stress decreases
smoothly (15% of the maximwn value relative
variation), whereas approximately 90% variation occurs for the rib tangential stress.
3. A large increase in stress concentration
at the abutments of the undercut follows the
relief of stresses around the circular drift.
Bar/a, Boshkov
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TABLE 2
MODEL

2A

lA

3A

4A

Fringe value
at0=0°

4.5

4.5

5.0

1.5

8.0

8.5

7.5

8.0

8.5

-

9.5

10.0

Fringe value
at 8 =0°

5.0

5.0

5.5

6.5

7.0

7.5

5.0

5.5

6.0

-

1.0

1.0

.208

.184

.177

.216

.211

.191

.~24

.213

.205

-

.225

.225

1.247 1.105 1.179 2.156 2.2Sl 2.161 2.240 2.272 2.327

-

Photoelastic
stress coefficient
[lbs/fringe in.]
Tangential stress
at 8 = 90° (p.s.i.]
Tangential stress
at 8 0° (p.s.i.]
average

=

1.197

2.190

Tangential stress
at0=90° [p.s.L]

1.386 1.227

1.297 1.869 1.970

1.907 1.493 1.562

Tangential stress
at (J = 90° [ p.s.i.]
average

1.303

1.915

1.566

Time of analysis
[hour]
Depth (h 1)
[inch]
Stress concentration
factor <tn) 8=0°

.s

1.0

2.0

.5

12.0

1.0

12.0

2.280

2.0

.5

1.0

2.850 3.000

2.925

1.463

-

.300

.300

.300

2.0

.5

1.0

17.0

21.0

2.03

3.78

3.35

M8

2.25

3.88

2.30

.36

2.0

pghl

Stress concentration
factor (ftt) f) =90°
pgh,

4. Large changes in deformation occur as a

result of the undercutting. Noticeable is the
increase in dimension of the circular drift in the
direction of the line joining its geometric center
with that of the undercut. A rotation of the
major axis of the drift below the undercut also
occurs.

Series B
1. The back tangential stress reaches a

maximum value comparable to that of the
previous sequence. This occurs when the under·

cut is extended, symmetrically with respect to
the circular drift, for a length equal to its
diameter (x 2 = 3a in Figure 5(c)). The rit
tangential stress follows a similar pattern, but
the relative variation is only 35% of the value
before undercutting.
2. When the undercut is extended to its full
length, the back tangential stress decreases with
a relative variation of 15% of the maximum
value. The rib tangential stress undergoes a
change (decrease) of 64%.
Bar/a, Boshkov
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TABLE 3

MODEL

IB

IC

28

2C

Fringe value
at () 0°

=

6.5

6.5

6.5

6.0

8.0

8.0

5.5

5.5

6.5

5.0

5.0

6.5

Fringe value
at 0=90°

5.5

5.5

5.5

3.5

4.0

4.0

6.5

6.5

7.5

6.5

7.0

8.0

.225

.192

.204

.234

.222

.201

.205

.194

.182

.210

.203

.205

Photoelastic
stress coefficient
[lbs/fringe in.]
Tangential stress
at 8 =0° [p.s.i.]

1.954 1.663 1.772 1.870 2.367 2.141 1.500 1.420 1.580 1.400 1.353 1.640

Tangential stress
at 8 =0° (p.s.i.]
average
Tangential stress
at 8 =90° {p.s.i.]

1.796

1.653 1.407 1.499 1.184 1.070

Tangential stress
at () =90° [p.s.i.]
aveiage
Time of analysis
(hour]

1.0

2.0

.5

1.0

1.464

1.115 1.780 1.680 1.820 1.823 1.892 2.191

1.760

1.115

1.520

.5

1.500

2.126

2.0

.5

1.0

1.968

2.0

.5

1.0

Depth (h 1)
(inch]

14.5

14.5

14.5

14.5

Stress concentration
factor (~tt) 8 =0°

3.10

3.67

2.58

2.52

2.62

1.92

3.63

3.39

2.0

pghl
Stress concentration
factor tt> () = 90°

<r

pghl

3. The defonnation does not reveal any
rotation of the major axis of the drift below the
undercut.
4. The increase of the vertical dimension of
the drift is gradual and the adverse conditions
which take place when the pillar is suddenly
removed do not occur as in the sequence
depicted in Series C.
SeriesC
1. The back tangential stress increases
smoothly toward the value corresponding to
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the stress relief due to undercutting. The rib
tangential stress reveals a behavior similar to
that of Series A. The maximum value for this
stress is reached as the undercut is extended to
leave a pillar over the circular drift (x2 = 3a in
Figure 5(t)).
2. When the pillar is removed the rib
tangential stress decreases wjth a relative change
of 85% of the maximum value.
3. Changes in defonnation follow the
undercutting. However, the symmetry of this
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FIGURE 5- (a), (b) and (c) lines of eQuaI maximum shear stress.

Bar/a, Boshkov

51

(d)

MODEL

4A

6

-•-•-STRESS COMCENTRATION RICTOA AT A
---&----&-..STRESS CONCENTRATION I'IICTOII liT I

1

0

··--····-·-------,

x.

-·--k-~=----

-ttl
••

Jh.

~
'

f

,
I

--·

0

(f)

4

'

'' '
•,,

6

•

10

IZ

STftSS CO\(E\JlRATION F.A0CR3
OF MODEL SERIES

II

A"
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undercutting sequence confirms the expected
fact that no rotation of the major axis of the
drift occurs.
Conclusions
The history of stress and deformation
changes which occur as a consequence of
undercutting in block caving have been studied
by experimental means. An approximate theoretical solution has also been formulated by
using simple concepts of the classical theory of
elasticity.
It is concluded that, when applying undercutting sequences (II) and (Ill), more stable
conditions for the openings below the undercut
will prevail. Further, undercutting sequence (JJ)
seems to be more desirable than (III), since it is
conducive to a gradual change in deformation.
The application of gelatin mixture models
in conjunction with photoelastic methods
appears to be a suitable technique for the

analysis of structures in rock under gravitational loading.
Cognizance must be taken, however, of the
inherent limitation of the experimental method
resulting from large deformations in the model
and the inherent assumption of an hydrostatic
initial stress field.
Despite such drawbacks, it is felt that
studies of this type allow the investigator to
gain some insight into some of the phenomena
peculiar to the behavior of mine structures.
References

1. Merrill,

R.H. and Johnson, G., 1964.
Changes in strain and displacement created
by undercutting in block caving. Proc. 4th
Intenwt. Conf Strata Control and Rock
Mech. Columbia U. Press.
2. Bolmer, R.L. 1965. Stresses Induced
around Development Workings by Undercutting and Caving. Qimax Molybder~m
Bar/a, Boshkov

55
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FIGURE 7- Typical dark-field isochromatic patterns
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DISCUSSION

D.F. Coates
Mining Research Centre,
Department of Energy, Mines
and Resources, Ottawa,
This is a useful paper as it does, as suggested
by the title, provide some additional insights
into a practical problem. Furthermore, we
know from our experience that the work must
have been done very carefully. In attempting
to use gelatin for models in our projects, concerned with developing theories for predicting
stresses in pillars and in slopes, we found
gelatin not to be an easy material to use being
somewhat unstable under temperature changes
and with the passage of time.
This led us to develop an alternate deformable material that M. Gyenge has named
Mirelite (1). However, this new material was
not as deformable as gelatin leading us to
apply the previously developed concept of
"excavation stresses" (2) whereby for a material
with a Poisson's ratio close to 0.5 we could
obtain the same stress distribution by applying
a boundary pressure on the surfaces where the
excavation stresses would act. As mercury was
used in this reverse loading teclutique, a high
order of isochromatic fringes could be obtained.
The results were useful although there were still
difficulties in determining maximum fringe
orders at boundaries and stress trajectories in
areas of low gradients.
Our photoelastic work was quickly superseded by the advent of the fmite element
method. With the assistance of Y. Yu this
technique was used initially to compare the
results with the photoelastic work, which
showed very good agreement. The technique,
as is well known, is fast and has great scope
particularly in dealing with heterogeneous
materials.

Field work subsequently has substantially
confirmed the model results on pillar loadings
but has also shown that models can be misleading with respect to the actual conditions.
It seems that heterogeneous residual field stress
conditions might occur more often than the
homogeneous conditions that have to be assumed in simple models and theory. The
relating of such residual stresses to the geological
structure with the hope of being able to
predict more accurately the environment for
mining is being pursued at present by Dr. G.
Eisbacher, Geological Survey of Canada, and
H. Bielenstein the Mines Branch at Elliot Lake.
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Giovanni Barla
The calibration technique used for gelatin
mixture models allows one to take into account
the dependence of physical and optical properties on time, humidity and temperature
variations, and gelatin composition. The fact
that gelatin models undergo large deformations
in the course of the experiment is a serious
detriment of the method if the model must
abide by the requirement of the classical
theory of elasticity.
The advantage of using the fmite element
method of stress analysis with respect to twodimensional photoelastic techniques must be
recognized. The finite element method makes
Bar/a, Boshkov
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The first phase of the stress measurement
project involved the development of suitable
gauges and apparatus. Succeeding sections of
this paper describe the present state in the
evolutionaJY process of developing instruments
and techniques to suit the particular ground
conditions encountered at the Sullivan Mine.
The data from a number of stress measurement
projects are included.
Instruments and Equipment
Instruments

A great deal has been written on the subject
of rheology. In addition to exhibiting elastic
behaviour, under certain conditions rocks are
known to possess both viscous and plastic
characteristics. It seems fairly certain however,
that ha.fd rock in the normal underground
mining environment behaves in an essentially
elastic manner. Our approach to the problem of
measuring stresses has been therefore based on
elastic rock properties. During the course of the
program, several verifications of this assumption have been made.
Three basic features are required of the
stress measuring system. First, it must produce
reliable readings in a great variety of ground
conditions. This implies that there must he
incorporated checks and means by which the
quality of readings can be assessed. It is
particularly important when working in frac·
ture·t ground.
Second, the instruments' stress measuring
sensitivity must be high. A precision of a few
hundred pounds per square inch is acceptable
but one of J,000 or 2,000 psi is not.
Finally, the entire procedure must be sim·
ple enough that a measurement project can be
completed in a reasonable length of time. This
requirement is brought about by the large
volume of work to be done at the Sullivan
Mine, and also by the condition that a statis·
tically significant number of individual readings
be made at each site. The imposition of this
feature creates a distinction between an econo·
mic mining tool and one which is of high
scientific calibre but at the same time unwieldy
under field conditions.
A review of existing literature at the beginning of the program indicated that a gauge
which is simply pushed into a borehole and
then overcored would best satisfy the require·
ments. The instrument measures the change in
hole diameter as a large bit advances concan·
trically over the gauge, thereby relieving the
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stress in the rock surrounding the hole. A
knowledge of rock properties and instrument
characteristics is used to convert change in hole
diameters to stresses originally present in the
rock. Initial gauge development was based on
concepts published by Griswold (2).
Four factors were incorporated in the
design of resistance strain gauge transducers.
Unless costly procedures are adopted, all
diamond drill holes tend to wander slightly,
producing very tightly spiralling grooves and
ridges on the hole surface. If a transducer is
rigidly ftxed to the gauge body, as it is pushed
down the hole its passage over these indulations
could tend to overstrain the strain gauge. Of
course this problem can be avoided by employing compressed air or other pressure systems to pre-strain the transducers once the
gauge is in position. However, simplicity in
tools used underground is a very great virtue.
As an alternative, a floating transducer, not
rigidly ftx.ed to the gauge body, avoids this
overstrain effect because the hole diameter is
very nearly constant at any point along its
length. The "C-ring" transducer shown in
Figure 1 is of this type.
A second criterion is that the sensitivity of
the transducer must be adequate. Following the
equations for converting hole diameter change
to stress values, outlined by Merrill and Peterson (3), one flnds that for a sensitivity of 200
psi in each of the major and minor plane stress
values the changes in hole diameters must be
measured to within 0.000050 in.

E

S+T = - (U 1 +U 2 +U 3)
3d

S-T

= 200+200psi

=0
6

400 psi

X 10 psi
= 39 (1.16
ln.)

(3U in.)

3U = 155 X 10·6 in.
U = 50 microinches

Since most strain gauge read-out systems
have an accuracy of about 10 microstrain, this
means that the single strain gauge must accura·
tely detect one fd'th of the diameter change, or
the transducer calibration factor (CF) should

be:

CF

change in hole diameter
corresponding strain reading
SO microinches
10 microinchesfin.

strains are recoverable. Since the transducers
are inserted in a pre-strained condition to
pennit measurement of the nonnal increases in
hole diameter, careful strain gauge mounting
techniques are used to eliminate the possibility
of creep in the cement.
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FIGURE 1 - Details of overcoring gauge and 'C'-ring transducer.
Transducer "softness" is another design
parameter. The spring effect of the transducer
must be relatively small so that it has no effect
on hole deformation. The entire assembly also
has to be pushed into the hole with ease.
Furthennore, the use of soft rings reduces wear
on the transducer contact points which slide
along the hole and makes it easier to maintain
constant pre-strain on the rings without resorting to frequent adjustment.
Ring softness is closely associated with
sensitivity, in that the reduced section of the
C-ring shown in Figure I obviously affects both
features. Optimum design was achieved partially on a trial and error basis. Rings with
calibration factors in the range of 2 to 10 have
been fabricated. If required, it is of course an
easy matter to mount an additional strain gauge
on the inside of the ring and thereby approximately double its sensitivity by connecting the
gauges in a half bridge configuration.
The fourth factor in transducer design is
that the unit must be stable, exhibiting no
creep effects during the overcoring process.
Beryllium copper, or watch spring metal, is
used for the rings to ensure that all imposed

Details of the gauge housing are shown in
Figure l. Shielded cable is used primarily to
increase the durability under severe conditions,
but also to guard against the signal interference
if such should exist. The grease nipple at the
front of the gauge permits filling the entire
assembly with a waterproof grease. It was
found that this measure greatly prolongs strain
gauge.Jife. One unit was used on a regular daily
basis for nearly 18 months before the strain
gauges needed renewing.
It will be noted that the six transducers are
oriented 30° apart, which permits a good
evaluation of the quality of readings. This
procedure will be detailed in a later section of
the paper.

Drilling Equipment
A standard screw-feed core-drilling machine
is used. The rate of bit advance selected is
about one inch per minute at a speed of 250
rpm. As indicated in Figure 1, the gauge is
inserted in a pilot hole l.l6 in. in diameter.
This is drilled with an XRT core bit. The
present overcoring bit is an NX casing shoe,
3·in. ID, 3 5/8-in. OD; although a thinwall6·in.
Royea
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ID bit with an 18·in. barrel was originally used
with an AXWL pilot hole. The drill string
consists of standard AX Wire Line rods and a 2
1/2-foot or 5-foot NX casing rod. A special
water swivel was designed to permit the passage
of cable and insertion rods.
Auxiliary Apparatus

The gauge insertion/extraction tool consists
of 7/8 in. square aluminum channel in 5-foot
lengths with a device at the end for attaching it
to the gauge.
Gauge orientation in the hole is determined
by a Brunton reading on the open side of the
channel. Since the sections of channel are
solidly bolted together, the accuracy of reading
is within 2°. This is probably as good as that
achieved by a small mercury switch and has the
additional advantage that the gauge does not
have to be tumed to a particular orientation.
Biaxial testing equipment is used to deter·
mine the elastic modulus value of the overcore.
The cell is similar to that described by Fitzpatrick (4). The overcore is painted with an
epoxy coating to prevent hydraulic oil penetration. It was found that a length of biaxial cell
equal to one and a half overcore diameters
provided a region at the centre where end
effects did not influence the modulus values.
This is shown diagrammatically in Figure 2.
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FIGURE 2 - Deformation of overcore under

biaxial loading.
Overcoring Techniques

It has been found that stress concentrations
similar to those predicted by theory do exist
around underground openings. Figure 3 shows
four such cases. Examples A and B are from the
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same location. The fonner shows the usual
pattern, while the latter illustrates the effects of
a pronounced fracture upon the stress concentration. Features such as these suggest that it is
not always possible to adjust measured stress
values near an opening to average field stress
conditions by applying a theoretical reduction
factor. Furthermore, the extent of the fracture
zone around an opening and hence its effective
size, are not always easy to determine. From
the stress pattern in example C for instance ,
one suspects that the effective size of the
opening is that shown by the dotted outline
rather than as seen underground. To avoid the
problem of dealing with these stress concentrations, our present practice is to drill a distance
equal to one lutlf the opening diameter before
attempting any stress measurements.
The pilot hole is then drilled 3 to 5 feet
ahead. The core from this small hole is carefully
logged for fractures. It becomes very important
to distinguish between actual rock fractures and
breaks in the core caused by drilling, because
much better overcoring success is achieved if
the gauge is located in areas free of fractures.
At this point the gauge is inserted in the
pilot hole, its orientation is detemtined, and
transducer pre-strain is checked. Two to four
thousand microstrain has proven to be an
appropriate level of pre-strain. The gauge cable
is tlueaded through the overcoring bit and drill
string before the assembly is pushed into the
hole. No waiting time is required for the gauges
to stabilize. An appropriate length is then
overcored. The procedure of overcoring to
obtain complete relief on alJ six transducers is
termed a "run". For moderate stress, it has
been found that a distance of one overcore hole
diameter before the first transducer and the
same distance beyond the last transducer is
adequate to obtain complete relief and also to
avoid measuring the stress concentration ahead
of the large hole face.
For stress fields in the order of I 0,000 psi it
has been found that a couple of extra inches
before and after the transducers is required to
satisfy these conditions. Upon the completion
of a run, the drill string is broken and the
insertion rods are pushed inside the string until
the instrument is engaged. It is then moved
ahead to a pre-selected position in solid ground,
and the process is repeated. At the end of
several such cycles, ideally about seven runs in a
5-foot length; the drill string, core and gauge

are removed trom the hole. The maximum
depth overcored to date is 30 feet. Although
the process would be slower, stress measure-

average of about ten runs. Difficulties caused
by fractured ground reduce our current average
to somewhat less than half this fJgUte.
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FIGURE 3- Plane stress data.
ments at depths of 50 feet or more would be
feasible.
In a full 8-hour shift, in ideal ground
conditions, a two-man crew would produce an

During each overcoring run, the transducers
are monitored, in rotation, through a switch
and balance unit to a portable strain indicator.
The nonnal pattern shows continuous change
Royea
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with bit advance until relief is complete. When
a transducer is located on or very near a
fracture, it behaves erratically. If the core
breaks during a run, wild fluctuations are
generally noted on the strain indicator as either
the rotating core Wts the gauge, or gauge and
core rotate through a few revolutions before
the drill can be stopped. When tWs happens, the
gauge is usually pushed ahead to solid ground
and another run is started. Should a transducer
point be located on a crack that tends to
separate slightly as overcoring proceeds, extreme strain relief is noted and that particular
value becomes suspect. It is given special
attention during the data evaluation process.
Figure 4 shows a typical overcoring set-up.
Data Treatment
Strain relief patterns from the overcoring
run are plotted against distance of bit advance.

Two examples are shown in Figure 5. It is
apparent that, in example A, strain concentrations caused by the approaching bit are roughly
proportional to the eventual total relief at
each hole diameter orientation. Transducers
2,4 and 6 show maximum relief shortly after
the bit passes over them, the relief then
approaches fmal value. The final change on
one or two transducers can be, and often
is a negative value. The validity of these
seemingly anomalous patterns can be demonstrated by calculating the stresses at increments
of bit advance. Example A is typical of
readings which are aligned with the major
principal stress.
When the orientation of the hole is such
that the major principal stress is not perpendicular to it, the patterns are more of the type
shown in example B. The hole in this case is

FIGURE 4- Overcoring run in progress.
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oriented at azimuth 311" , inclination +3 1/2°.
The major principal stress was found to be
oriented at azimuth 313°, inclination + 71
1/2°. A detailed description of this phenomenon was recently given by Bonnechere and
Fairhurst (5). These plots of strain relief pat·
terns are invaluable in obtaining the first
qualitative check on any overcoring run.
Calibration factors are applied to the fmal
strain relief readings of the six transducers.
These data are then used to plot, to an
exaggerated scale, the cross-sectional out1ine of
the stress-relieved pilot hole. Depending on the
scale used, the best fit outline is an ellipse or a
lemniscate figure. It is immediately apparent if
one or two transducer readings are incompatible with the rest. This procedure detects
erratic readings which would not be apparent,
except in extreme cases, when using a threecomponent gauge. Figure 6 shows two such
strain relief outlines. In example A no readings
are erratic; in example B some of the points are
not on the extrapolated ellipse.

statistical basis. However, reasonably good
approximations are obtained with the aid of the
following additional check. The sum of readings
on pails of perpendicular transducers should be
constant.
d

U0 =- [(S
E
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It is recognized that six sets of data are not
sufficient to apply corrections on a highly

9

FIGURE 5A - Overcoring strain relief
pattern (reading No. 6564-78).

Figure 7A lists data obtained in a single
hole. By applying obvious corrections to the
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severe that the standard formulae for isotropic
material would not apply.
During the course of routine biaxial testing,
sufficient data were accumulated to permit an
examination of this feature. It has been found
that elastic modulus values either parallel to, or
perpendicular to the bedding do not deviate
from the mean by more than 25%, the average
deviation being in the order of 10%. Following
the reasoning of Becker and Hooker (6}, these
variations do not cause appreciable error in

strain ellipse, with assistance from the above
relationship, the data in Figure 7B are obtained. Since the stress level is not constant
along the hole, there are variations in overcoring readings. To illustrate the small error
caused by the fact that the three (Un +
U(n+9 o 0 )) pairs are not always equal, the data
in Figure ?C eliminate the effects of stress
variation by equating the mean of each group
to the overall mean. The standard deviation is
thereby reduced to a very acceptable level. This
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exercise can be summarized by saying that, in
this series of overcoring readings, the total
standard deviation of 20% is composed of
roughly 5% due to measuring error and 15%
due to stress variations.
Elastic modulus values of the rock are
required to convert hole deformation measurements to rock stress. Using the biaxial testing
apparatus described earlier, one potential problem was anticipated. Since nearly all our overcoring work is done in banded sulphides, it was
suspected that rock anisotropy might be so
66
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FIGURE 5B- Overcoring
strain relief pattern (reading
No. 6566·101).

stresses calculated under the assumption that
the rock is isotropic.
A number of tests were performed on
uniaxial specimens to determine the Poisson's
ratio of banded sulphides. Again, deviation
from the mean value is small. Individual tests
are not run on every specimen, the average of a
series of tests is used.
After having obtained elastic modulus
values on every usable piece of overcore, plane
principal stresses are calculated for each overcoring run, using the method fl!st outlined by
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FIGURE 7 -Evaluation of overcoring readings.

Merrill and Peterson (3). Conditions of plane
stress are assumed. By calculating plane stresses
as soon as the readings are taken, an estimate
can be made of the number of runs required to
give good statistical reliability to the end result.
Plane stress patterns along a hole also serve
to defme zones of stress concentration within
the rock mass. It is particularly important to
delme high stress differentials across fractures,
since these features usually give warning of
impending difficulties in mining.
Following completion of a minimum of
three overcoring holes, with a minimum of five
runs per hole, the data are assembled for
computer processing. The computer program
was developed on the basis that a uniform state
of stress exists in a body of elastic, homogeneous, isotropic rock encompassed by the
array of overeating holes. It defmes a threedimensional state of stress which best fits the
data supplied. The methods used are similar to
those outlined by Panek (7), Leeman (8), and
Gray and Toews (9). Essentially, for frve
overcoring runs in each of three holes, the
computer solves 90 simultaneous equations in
six unknowns. These latter are the three normal
and three shear stress components referred to a
standard coordinate system. Principal stresses
and their orientations are then computed from
the six stress components.
Except where work has been confmed to
one side of a pronounced pillar discontinuity,
the computed principal stress values are said to
represent the average state of pillar stress.
Stress Measurement Data
The following table, Figure 8, includes the
three-dimensional pillar stress data obtained to
date. Several early pillar overcoring projects
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comprised only two holes or two pairs of
parallel holes, which configuration of course is
not sufficient for three-dimensional analysis.
The data in Figure 8 represent stress conditions
in pillars totalling about three million tons of
ore.
The quantity "Standard Deviation of Regression" gives a combined evaluation of foux
parameters: the uniformity of the stress field,
variation of hole orientations from the ideal,
quality of overcoring readings, and the sensi·
tivity of the.stress measuring system. The effect
of the latter can be ascertained from the ''Ideal
Case" Usted at the end of the table. In this
example, effects of the fl!St three parameters
above were eliminated by selecting arbitrazy
values for each of the six stress components,
referred to the usual coordinate system north·
east-vertical. From these data, diametral deformations at arbitrarily selected orientations in
three orthogonal holes were calculated. These
values were then rounded off to the normal
degree of precision obtained in overcoring
readings. The standard deviation of regression
derived is thus an evaluation of transducer
precision.
By comparing this value of 114 psi with
those reported in Figure 8, it will be noted that
most of the pillar stress determinations have a
quite acceptable standard deviation of regression. A few selected examples of this type, as
well as the exceptions, will be considered in
detail in the remainder of this section.
R-9·1 Project
The data in Figure 9 are generally typical of
the majority of such projects. The ground is
quite solid and therefore the stress field is
reasonably uniform. Sufficient time was available to obtain a good nwnber of readings. After

.

PILLAR SO.R.

- --

51

SLS

11Z/Ml/Th INCL .

s

Sz

~..5.1.

s

10'3

31'3.

71'

2290

~

~~.l

52

s:J

s.c..s.

Sa

P.SJ.

S2

122

92°

1<1 '

580

207

185'

12 '

25'

223

92'

9'

3'

9/

126'

22'

.385

167'

171

187'

7'

84

75 '

13.

zoo

127 '

10'

S.£.5 hl/ltll/111

s.

R-9-1

353

4650

S-B-1

6<17

2860

17/

/99'

63'

2210

528

357'

239

1440

81

316 .

68'

540

140

218'

40'

88'

1610

137

l 1o7o

213

S-9-1
T-9- 1

506

2Z70

109

r-10- 30

485

2190

!18

322'

81'

INCL .

6.50
50

257 '

,.

- 630

96'

7'

280

u-9- 1

324

2390

69

281'

76 '

1440

176

/66'

6'

U -10· 30

387

1850

144

35'

IS'

490

99

'251"

72'

9:~!0

-10

11Zitf!Ul11 INCL.
S.J

s.

,.

V-11· /(8) 255'4

7170

1160

580

6110
4600

1555
610

- 3850

5700

80'
22'

a·

2145

93'
30'

238'

(,q)

212 '

68'

- 18700

4076
3360

120'

o·

4-52

574

4510

/46

121'

59.

2060

!43

337'

26'

IZ70

367

239'

16.

4-58,60

704

5490

493

217'

65'

1710

375

330'

II '

-5100

2270

65"

22'

5·52

730

7290

550

200'

10'

4990

272

339'

77'

N-00

464

109 '

9'

114

3220

69

60'

70'

1200

/38

2$4'

20'

40

91

384'

2'

Jili!IIL

CIIS£

<I' S.P.R.

S.C.S.
INCL.

328'

5'

STANPARP tl!'II!IJmw of' RtGRESS'!ON (.PSI}.

STM/MR/) eRROR •I' STReSS {PSI}.
INCUNI/TION.

FIGURE 8- Overcoring data.

the tllree-dimensional stress state is calculated,
a computer sub-routine is used to work back
and calculate the "best fit" plane stresses S and
T for each of the holes.
S-9·1 Project
Figure 10 lists the results of a rather hurried
project. Although the number of readings is
limited, the stress sampling is considered
adequate because the stress field is again reasonably uniform.
V-11-1 Project
The actual overcoring data are listed in
Figure llA. Tltis pillar was quite solid and
competent. However, numerous incipient
fractures caused core breaks as drilling progres·
sed. In areas where there were few incipient
fractures, core discing occurred.
It was therefore difficult to obtain reliable
stress readings, and the stress field being sampled varied considerably between fractures. The
tabulated standard errors of stress of the six
stress components indicate that the results
obtained are not suitable for analysis on the
basis of a homogeneous stress field.

In an attempt to reduce the greater scatter
of readings, each overcoring run was re-assessed.
One set of readings was selected as being
representative of each hole. In the first hole,
the last two pairs of readings were considered
more valid than the ftrst two pairs and so an
average of the former was taken. The fust two
runs in the second hole appeared more suspect
than the third, so the latter was used to
represent the hole. A straight arithmetic average
was again made in the third hole. The results of
this very arbitrary procedure appear in Figure
11 B as well as in Figure 8. The degree of
improvement is questionable, except that the
12,500 psi tensile stress is eliminated from the
ftrst computation. This exercise confmned that
the stress field was much too inhomogenous for
any meaningful average pillar stress calculations
to be made.
This project was summarized by saying that
the pillar stress was high. Individual major plane
stress values ranged from 1,500 psi to 16,000
psi, with several in the 8,000 to 12,000 range.
Furthennore, a number of runs showing early
indications of high readings could not be
completed because discing occurred. Considering these facts in assigning a quantitative value
Royea
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to the average major principal pillar stress, the
figure 10,000 psi was chosen as probably being
more representative than 5,000 or 15,000 psi.
While this project is admittedly of doubtful
scientific value, it afforded a distinction be·
tween two types of mining phenomena, a
OIU&NT"IITI Otv

£.

Ut

liOLG I

Uz

U1

PS!x.I0 6 WRT. 1-JORIZ.

distinction which had a significant effect upon
the mining method used. Poor ground con·
ditions in a particular location within a pillar
can either be caused by a general high pillar
load and consequent deterioration or it can be
caused by the localized effects of a major
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9- R-9-1 Overcoring results.
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fracture. This latter feature, while affecting the
rock in its immediate vicinity, may have relatively little influence on the bulk of the pillar.
As outlined in an earlier paper (I), the principle
of overcuttlng the pillar eliminates the difficulties in this type of situation.
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In the case of the pillar under discussion, it
is certain that extensive overcut development
could not have been driven and maintained
with any degree of economy. Alternate
methods were used to successfully mine this
pillar. Fortunately, the conditions encountered

775

S = 1110 PSI

-45
270
/80

4:0 •

T = 500

PSI

290
!00
/00

1-)ZIMUTI-i 23.3 •
INCLINIITION 4.0°
BEST FIT S "' 1290 PSI
T = 40 PSI

88.0"
1320
92.5°
570

-180

- 360

290
290

d';(

dt

dz

-·
!'xY

r-fyz

---r{z

328

457

1'240

134

325

-356

{285)

(449)

ST!}NOfJRO eRROR

OF STReSS :
.._

{140}
(137)
{109)
(!43)
- · ---·-liOt.£ 0!4McTcR =I. 91"
POI$SON'S R4TIO -=0.25

---- .

FIGURE 10- S-9-1 Overeoring results.

Rovea

71

represent an isolated case which has not been
repeated.
5-52 Project
The data in Figure 12 were obtained over a
total elapsed time of about six months. While
no significant stress changes due to mining
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activity were expected, it is possible that the
moderate degree of scatter in the readings is
partially due to a changing stress field.
Virgin Stress Field
A project to measure rock stress in an area
undisturbed by mining has been in progress for
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(2130)

= 1.91"

R(.)T/0 = 0. 25

several months. The site selected is a drift
several hundred feet down dip from the far·
thest stoping front. The depth of overburden at
this location is about 2,000 feet. The work has
been delayed somewhat by higher priority
01Uti\IT4TION

u,

£
PSI X 106
fiOl£

overcoring in areas that will be mined in the
near future .
Preliminary results in the f"ast two holes
indicate approximate average major and minor
plane stress values of 6,000 and 5,000 psi.
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Conclusions
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Abstract
The development of water resources in Alberta
will require a number of major engineering
projects. Many of these projects will be
constructed in Cretaceous rocks. In order to
deal with the investigation and analysis of rock
mechanics problems inherent in dam, tunnel,
and spillway construction, an approach has
been developed.
Problem ateas have been defined and the
geological and engineering [actors pertinent to
them are considered. Major aspects include the
dam embankment as influenced by subsurface
detail, abutment stability, and permeability of
the rocks. In each case a means ofattacking the
problem is proposed. It is concluded that
theoretical methods are very limited and that a
rational analysis must be based on observed
behaviour. It was found that an urgent need
exists [or a simple rock classification system
Introduction

William Pearce, a noted early advocate for
the development of water resources in Alberta,
in 1919 first proposed the diversion of the
North Saskatchewan and the Red Deer River
into east central Alberta. Since thls time various
agencies have investigated his proposal, and
recently detailed investigations have been
undertaken by the Water Resources Division of
the Alberta Department of Agriculture. In
order to accomplish this development, not only
must the North Saskatchewan and the Red
Deer rivers be considered but also the
Athabasca and Peace rivers. To make thls
development a reality, nine major dam and
tunnel projects, which must be founded in
Cretaceous bedrock materials, will be required.
Over the past two years, investigations have
been focused on the central Alberta portion of
the development plan. Figure 1 shows the
location of two projects - the Rocky Mountain
House damsite on the North Saskatchewan
River and the Ardley damsite on the Red Deer
River. A preliminary foundation investigation
has been completed on the Rocky Mountain
House site and a study of the feasibility of
diverting a portion of the North Saskatchewan
into the Red Deer River is now underway.
De tailed foundation investigations and
engineering studies have been concentrated on
the Ardley site and these studies form the basis
for this contribution.

Rock Mechanics in
Damsite Location

E.W. Brooker,
Consulting engineer,
Edmonton, Alta.
I.H. Anderson,
Head, Development Planning,
Water Resources Division,
Alberta Department of Agriculture,
Edmonton, Alta.

Approach to Analysis

Many of the problems found at dam and
tunnel sites are in the field of rock engineering.
During the period of this study, the following
working philosophy regarding rock engineering
has been developed. Rock engineering involves
the application of engineering mechanics,
knowledge of geologic processes and materials,
and the application of documented rock performance. In order to apply the theories from
engineering mechanics, knowledge of the physical properties of rock must be available. In
addition, the gross nature of the rock mass
must be known in order to produce a realistic
prediction of behaviour.
Based on these considerations, a damsite
investigation is approached from two points of
view:
(1) A consideration of the physical properties of intact rock, largely for classification purposes and for providing
values for use in predictive theoretical
equations.
(2) A defntition of the character of the
rock mass in relationship to the proposed new environment.
Brooker, Anderson
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Attempts to apply theories alone directly to
these situations have been of marginal value.
The most valuable analytical procedure has
been based on knowledge of perfonnance as
noted from field observations which were ana·
ly.zed and organized on a scientific basis. The
organization of this concept is demonstrated in
Figure 2.

utilize other aids such as the Rock Quality
Designation (RQD) have been unsuccessful due
to questionable sampling methods. Other
methods described by Deere et al (1967) and
Coates (1964) are only marginally applicable to
the materials under consideration. A simple and
functional classification system remains a prime
need.. It is believed that recent attempts at the
development of a rational system are helpful,
but still require refmement for use in civil
engineering, and, that too much attention has
been given to mineralogic and textural
characteristics and too little to simple index
tests together with broad genetic tenninology.

Problem Areas
Complications arise in the application of
the concepts outlined. Most of the difficulties
result from the need for an orderly means of
organizing and analyzing data.
An area wltich has received much recent
consideration is rock classification. Attempts
were made, at an early stage in the in·
vestigations, to create a workable classification
system based on simple index tests. The Panama hardness scale, illustrated in Table 1 was
found useful. In addition to tltis, a standard
pocket penetrometer and one modified so that
the penetration needle had one tenth the usual
area was used. This permitted an arbitrary
measure of consistency, and provided a reasonable basis for the preliminary classification of
soft rock.
A typical borehole log using the indices
from these simple tests, as illustrated in Figure
3, provides a reasonable basis for the preliminary classification of soft rock. Attempts to

The Ardley Damsite - Nature of Deposits
The Ardley damsite is located on the Red
Deer River near Alix. The main elements of the
project are the dam embankment, diversion
tunnel and outlet works, and the spillway.
Detailed maps of the site showing test hole
locations and the orientation of the major
components of the project are given in Figures
4A and 4B. A geologic section tluough the area
is illustrated in Figure 5 and a detailed section
of the darnsite is given in Figure 6. The
materials present are Upper Cretaceous sand·
stones and shales interbedded with coal and
bentonite seams. A detail of the variation in
material which occurs in the Edmonton formation is given in Figure 7. This figure shows an

ORGANIZATION OF ROCK ENGINEERING KNOWLEDGE

Rock Mechanics

Physical Geology

Engineering Mechanics Theories

Rock Mass Character

Field Observation
Knowledge of Precedents

I
Rock Engineering
Slope Stability
Abutments
Foundation
Tunnel
FIGURE 2 - Organization of rock engineering knowledge
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TABLE 1
Hardness Scale Used in Material Classification
(Panama Hardness Scale)

OVERBURDEN
Pocket
Penetrometer
tons/ft 2
OH-1 Easily squeezed tluougl1
fingers. Consistency of fresh
putty. (Muck, some clays.)

0- 2
Modified Pocket
Penetrometer
tons/ft 2

OH-2 Cannot be squeezed readily
through the fingers, it is easily
indented with the finger point
at moderate pressure.
2 - I0
OH-3 Nonpenetrable at moderate
finger pressure. A pencil point
can be readily pushed into
10 - 20
sample.
OH-4 Difficult to take drive sample.
Difficult to punch pencil point
into sample.
20- 30
OH-5 Material of near rock
character.

30-40

ROCK
RH-1 Slightly harder than very hard
overburden, rock-like character
but crumbles or breaks easily
by hand. (Some clay-shales
and uncementcd sandstones
and agglomerates.)
40 - 45
RH- 2 Cannot be crumbled between
fingers, but can be easily
picked with light blows of the
geology hammer. {Some shales
and slightly cemented sand45
stones and agglomerates.)

+

RH-3 Can be picked with moderate
blows of geology hammer.
Can be cut with knife.
RH-4 Cannot be picked with geology
hammer, but can be chipped
with moderate blows of the
hammer.
RH-5 Chips can be broken off only
with heavy blows of the
geology hammer.

exposure of sandstone (RH2) overlying crushed
shales (OH4). In cores, even more dramatic
variations in lithology have been noted, as
demonstrated by Figure 8 which shows a
bentonite layer extruded laterally during a
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compression test and demonstrates the possibility of vast differences in stress-strain behaviour
in the two materials.
Stress-strain curves for a sandstone and a
shale in unconfined compression are given in
Figure 9. It is obvious that there is a great
difference in both modulus of elasticity and
compressive strength. These materials
constitute the practical extremes which are
encountered at the site and it is important to
realize that they are found adjacent to each
other. It is a disturbing fact that the detail of
variations may not be discovered from the
results of ordinary boring and sampling procedures due to loss of recovery. This fact has a
major influence on the confidence placed in
slope stability and other theoretical design
considerations.
Geologic Factors Requiring Consideration
In all engineering work which is concerned
with real rock masses the geologic features
outlined in Table 2 must be considered relative
to both the existing and intended change in
environment.
At the Ardley site the occurrence of major
faults is questionable as there is little evidence
of tectonic activity. The rocks, however, are
jointed and strongly bedded as demonstrated in
Figure 7B. Jointing is generally dominant in the
sandstones and consists of two sets, spaced
about 3 ft at right angles to each other. The
joints are believed to be relatively tight as only
a small amount of water intake was noted during
pressure tests conducted in the field.
Piezometric heads of varying magnitude are
encountered in the different strata. The sandstones appear to bear little groundwater. However, coal seams, which are common to the
formation, are water bearing. lt is believed that
there is no readily defmable groundwater
pattern but this will require further attention
during forthcoming field studies.

Problem Areas of the Damsite
There are four major problem areas which
must be considered in detail: tunnels, embankment considerations, stability of abutments,
and permeability of foundation and abutments.
1. Tunnels
The diversion facilities will involve three
tunnels of 22-ft bore and total length of 6,000
ft. At the faces of the proposed tunnels, it is
probable that sandstones of relatively high
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strength, crushed shale, bentonite layers or coal
will be encountered. Because of the extreme
variations in lithology and hardness, the use of
a mechanical mole to accomplish the bores is
questionable. Under these circumstances the
ability of mechanical equipment to perform
wen is in question. These variations also control

the amount and type of tunnel support which
may be needed, and as a consequence, the
construction time and cost. This part of the
project is a major cost area and is the subject of
further detailed consideration. It is hoped that
the construction needs will be defined as a
result of such studies.
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2. Embankment Considerations
The design of the dam embankment is
dependent upon the reaction of both found·
ation and fill materials to applied loads. ln
saturated soft rocks which possess a bulk
modulus of compressibility substantially less
than water, the application of an applied stress
system results in the development of pore water
pressure and thus little, if any, increase in
effective stress. At Ardley, samples of the
crushed shale zone, when tested in triaxial
compression, Figure 10, displayed very high
pore water pressures. At other damsite locations excess hydrostatic heads in similar
rocks, during construction, equal to the vertical
stress of the applied embankment loads, have
been noted (Peterson, 1968, Binnie eta/. 1967).
As a consequence, it is concluded that the
laboratory results obtained for this site relate to
the observed field evidence from other projects.
Consequently, it may be expected that high
pore water pressures will be developed during
construction of the Ardley dam. This feature
may govem the design and construction sequence.
The overall stability of the cross section
depends upon the ratio of the strength available
80
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to resist movement to the driving forces. Figure
11 illustrates the essential features of embankment stability at Ardley. The hydraulic
head developed due to embankment loads, is
represented by a b c. The heads, due to a fuU
reservoir in the crushed zone are indicated by a'
c' or a' d', depending upon the nature of
drainage available in the crushed shale zone.
The design head h, at any time depends on the
reservoir head h, and the hydrostatic excess
head h~h induced by the embankment
construction. According to Coulomb's equation
for the
Eq. 1
s =c' +(a-u) tan f/>'
wherein s
shearing resistance

.

c'

= drained cohesive shear
resistance

a

u
(/>'

= total normal stress
= hydrostatic head
= drained angle of shearing
resistance.

If the value of u in this equation is equal to

a, then there is no frictional shearing resistance
available. If this is the case, then all the driving
forces will have to be resisted by cohesive
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TABLE 2
Geologic Factors Pertinent to Engineering Behaviour
Geologic Factors

Influence

Engineering Consequence

Depositional Environment:
(a) Marine Deposition
(b) Shales, sandstones, coal,
volcanic ash
(c) Vaiiable depth of burial

Salt concentration in pore nwd.
Sediments generally of variable
texture and structure.
Interparticle bonds - weak to
permanent.

High swelling potential.
Incompatible stress-strain properties
of adjacent rock type.

Lithology and Stratigraphy:
(a) Bentoni1e layers inter-stratified
with shales, sandstone and coal

Controls movement of groundwater. Determines pore water pressure.
Shear zones develop as a result of
Variable stress-strain behaviour.
diffe rential rebound during unloading

Stress HI story:
(a) Loading by younger se<liments
(b) Diastrophism and preglacial
erosion
(c) Glacial e~osion, loading and
unloading
(d) Valley erosion

Consolidation.
Rebound.

Increase in shear strength.
Alteration of internal stress system.

Consolidation and rebound.

In determinant stresses at rest. Development of shCai zones.
Horizontal rebotmd and vertical
jointing.

Relief of horizontal restraint.

Structure:
(a) Faults
(b) Joints
(c) Bedding

Planes of weakness.
Seepage paths.

Controls strength and deformation of
rock mass and as a result con trois
design.

(a) Precipitation

Disintegration of rock mass.

Develops structurally unsound rock
mass.

(b) Temperature

Planes of weakness (fig. 7 A).

Weathering:

Groundwater:
(a) Quantity

(b) Quality

Vaiia1ions in flow affect leaching
and pore pressure.
Changes in free water and absorbed
water chemistry.

shearing resistance, provided that separation of
the rock bedding does not occur. It is known
from experience that the value of cohesive
shearing resistance is questionable. Hence, there
is substantial reason to be concerned, not only
about the pressures which may be induced in
the crushed zone by the embankment, but also
about the selection of the parameters c' and q/
for use in equation 1.
Sinclair and Brooker (1967) have demonstrated that these rock materials possess
both a peak and an ultimate (or residual)
strength - the values of c' and <$ for these two
extreme conditions are widely different as
illustrated by Figure 12. Not only is it necessary to make this distinction, but it is
important to consider whether the value of c',
determined from the results of laboratory tests,
is applicable to the rock mass. Many of the
84
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Changes in shearing resi~tance.
Can result in swelling and loss in
strength.

answen; to these questions can only be found
during construction by comparing field
measurements with hypothesized deslgn assumptions.
3. Stability of Abutments

Thls constitutes an important aspect of
overall dam stability. Recent research has indi·
cated that the fonnation of valley slopes is
closely related to stress relief and occurs retrogressively, Bjerrum (J 967), Scott and Brooker
(1966). Referring to the geologic section in
Figure 6, a "shear zone" is noted at an
elevation of about 30 ft below river bed. We
have defmed a shear zone, or crushed zone to
be an apparently plane zone of crushed shale
particles in plastic matrix. The particles are
generally of one-eighth to one-half-inch size and
the plastic matrix has the consistency of a
highly plastic and stiff clay. Thls zone is found

FIGURE 7A- Weathered shale surface below the sandstone.

to be nearly horizontal and is believed to be the
result of differential movements during rebound. It is apparently the seat of movements
in abutment landslides. A schematic section of
the right abutment in Figure 13 illustrates our
concept of the development of the slope.

FIGURE 78 - Detail of the variation of material
in the Edmonton formation

Initially, block A fails as a wedge shaped
mass with it's base at the elevation of the
crushed zone. Tltis failure is followed by other
wedges - B, C, etc. Each of the wedges when
analyzed separately as a free body has a factor
of safety of approximately unity (Hayley,
1968). The consequence of this is that we are
faced with a difficult problem of assessing slope
stability of the rock mass. Analyzed on the
basis of residual strength, a factor of safety near
unity is obtained. Yet, if a peak strength is used
the factor of safety may be 2 or 3. The actual
factor of safety is bounded by these values. It is
believed that "setting" or consolidation of the
disturbed zone since its original remoulding
results in a strength greater than residual. As a
consequence of the developed strength, a marginally stable situation may now prevail. However, minor movements may cause the material
to revert again to the residual strength and
result in further sliding.
Brooker, Anderson
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FIGURE 8- Bentonite layer in sandstone A. before test, B. after test.

Figure 9 indicates the wide range of values
in modulus of elasticity of materials tested.

Associated with the stress relief which occurs
during the formation of the valleys is differ·
ential rebound. As a result, shear zones form on
or near the contact faces between strata posses·
s.ing different modulus of elasticity. It is believed that these zones of weakness will have
their peak strength reduced to a residual
strength. However, additional research is required to substantiate this hypothesis.
4. Permeability of Foundation and Abutments

It has been noted on occasion that water
will flow from a drill hole for several minutes
after the core barrel has been withdrawn. In
drilling the Edmonton or similar formations,
water pressure is generally held as low as
possible but when necessary the water pressure
is brought up to l 00 ps.i. It is believed that the
flow of water from the drilled zones is a result
of either of the following.
(a) Existing fissures in various strata are
widened by water being forced into
them, and on release of the water
pressure, the earth pressure forces the
water out of the fissures to the ground
surface.
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(b) Trapped air in fissures is compressed by
the drilling water pressure and on release of the water pressure the trapped
air forces the drilling water out of the
drill hole.
Pressure testing techniques presently being
developed to detennine if fissures are widened
by water pressure indicate that this is the case.
However, further investigation will be required
to detennine if a ..burst pressure" exists and
what effect thls will have on dam design. It is
conceivable that drilling or pressure testing with
hlgh water-pressure may in fact damage the
formation during a grouting program.
At this time, each of the aspects outlined
above is under detailed consideration and the
following steps are being taken toward answering the questions:
A Study of Alternate Damsite Centre Lines

This study will be concerned with the
orientation of the embankment, diversion
tunnel and spillway elements relative to the
altitude of geologic features. From these layouts the advantages and economics of alternate
proposals may be studied and the optimum
scheme selected.

FIGURE 9- Typical stress-strain curves for sandstone and shale.
A Detailed Study of Valley Slope Stability

This study will be made to defme the
mechanisms involved in the large block slides
which have been noted at several locations.

From analysis of actual slides, it is believed
that the study will give some insight into the
shearing strength and deformation characteristics of the rock mass. Since the possibility of
Brooker, Anderson
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relating the results of such analysis to laboratory tests exists, other local slopes could be
analyzed without further intensive study.
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Exploration
Although the test holes shown in Figure 4B
have provided useful data, core recovery and
disturbance in softer rocks have been unsatisfactory. As a result, identification of
geological detail is questionable. In addition to
this, the detailed stratigraphy over large areas
has been difficult to correlate. One solution to
this problem would be the use of large diameter
bore holes which would allow not only visual
inspection, but detailed and undisturbed
sampling as well. Since the possibility of performing in situ shear tests is a very appealing
feature, a number of 40-in. diameter exploratory shafts are being planned to be drilled
into soft or weak zones.
Embankment Fill
It has been proposed that a test fill be
constructed to detennine if the embankment
fill could utilize excavated and recompacted
sandstones and shales. The test fill will indicate
the difficulty to be encountered in ripping the
bedrocks and compacting them to an acceptable standard, and possibly, problems
which may be encountered in pore pressure
build-up.
The swelling potential or rebound of the
sandstones and shales has been considered by
the Prairie Farm Rehabilition administration on
a laboratory scale and, as a consequence, a
potential swelling problem was defined. The
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FIGURE 11 -Schematic diagram illustrating essential features of Ardley Dam stability.
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. . 29

FIGURE 12- Direct shear- D.D. 29- Bentonitic shale.

magnitude of this rebound and the effect of
pressures and movement of structures in the
field is presently speculative. In order to gain
more knowledge, the possibility of an instrumented test cut is being considered. The location of the cut would be in the spillway area,
and the material excavated would be utilized in
the proposed flll.
Instrumentation
The use of field measurements provides the
most useful data for predicting present and
future performance of structures.
Instnunentation in this project during construction has been estimated at $250,000 and
will include settlement gauges, slope indicators,
piezometers, extensometers and in situ shear
tests of various types.

Other Areas
Other areas where study needs to be concentrated include tunneling methods, strength
of the rocks, drainage and the location of
abandoned mines.
Summary
The Upper Cretaceous &hales at the Ardley
damsite pose challenging rock mechanics

problems. The role of rock classification and
strength testing has been important to date and
much effort has been spent on a conventional
soil mechanics approach which is not unlike the
direction in which rock mechanics must evolve.
A major distinction between laboratory and
analytical, as opposed to field behaviour, has
been recognized. Further efforts will emphasize
field studies and testing. In this regard the use
of instrumentation is planned to measure deformation, pressures, and strengths throughout
the stages of design, construction and
operation. In applying rock engineering to
damsite location, the factors outlined in Table
2 require consideration.

The problems outlined are challenging and
they fall in the general field of rock engineer·
ing. The application of existing rock mechanics
principles with methods being developed to
meet the specific needs of civil engineers is
providing the basis for solving the problems.
One of the greatest present needs in this
project and perhaps rock engineering in general,
is a simple but functional classification system.
The other areas which appear to justify intensive consideration are the nature of the rock
Brooker, Anderson
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Cru•hed Zone

FIGURE 13- Schematic diagram of stability of right abutment.

mass and its relationship to proposed changes in
envlrorunent.

2. Bjerrum, L. 1967. Progressive failure in
slopes of overconsolidated plastic clay and
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Abstract
Recent activity in slope stability research hos brought
the promise of rational slope design. However,
old slopes of unknown stability will exist [or many
years, and the stability of engineered slopes will still
be subject to unique and unforeseen rock conditions.
It is imperative, therefore, that reliable slope [ai11ae
warning systems be developed. Kennecctt has been
testing a microseismic detection system as one such
pre-failure warning system.
It has been generally reccgnized that the rate at
which microseisms are generated in rock increases as
the rock approaches failure. The paper describes the
general mechanical and electronic requirements for
microseismic monitoring systems. Altemate techniques for sensing, amplifying, and recording data are
compared. Also described is the microseismic unit
used by Kemzecctl which was designed as a small,
rugged and portable piece of electronics hardware to
simply count and register microseismic events. In
contrast to the ccnventional devices utilizing geophones, 011 accelerometer is used as the sensing unit.
The ccunter then registers any microseisms above a
pre-set threshold value without regard to the
magnitude or duration of the disturbance. In this way,
it is possible to utilize a precision electronics package
which can be calibrated with a micro·g scale.
Raw field data, some related &lide-disp/acement
data and typical analyses are presented. Finally, the
experimental technique is reviewed in the light of the
results to date.

1. Introduction
Increased activity in slope stability research
will lead to substantial improvements and
greater reliability in mine design techniques.
However, rock is a natural and imperfect
matepal and will always present unique and
unforeseen structural problems. It is clear,
therefore, that the industry must have methods
for detecting slope failures early enough to take
appropriate corrective action. Strain and displacement instruments have proven useful for
this purpose but a back-up system would be
desirable.
The acoustic emission generated by the
sudden release of energy from internal deformation of rocks has been investigated by many
authors. They have furnished evidence to show
that such emissions, variously tenned subaudible-rock noises or microseismims, often
intensify as rock approaches failure. At the
time that this study was initiated, work done in
laboratories and in underground mines had
resulted in operationally useful methods for
predicting rock bursts. It appeared reasonable,
there fore , to attempt the development of a
practical slope-failu.re warning system based on
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the measurement of microseismic activity.
Others had completed field tests or were then
using microseismic systems for this purpose.
Goodman and Blake (I) had reported a study
of acoustic emissions at numerous highway cuts
in California. U.S. Borax (2) was using a
system in their open-pit mine for stability
analysis. The United States Bureau of Mines (3)
was evaluating a very extensive system installed
at Kennecott's IUmbley pit in Nevada, site of
our slope-stability research program. The
systems being used were apparently well designed but were unproven for slope applications
and did not meet the criteria that we had
established for a practical open-pit mine
system.

2. Slope Application
The mechanics of a rock slope failure must
be recognized in order to arrive at the proper
application of an open-pit microseismic system.
The following are pertinent considerations.
2.1 Mechanics of Failures
Generally speaking, the absolute magnitude
of compressive stresses in a mine slope decrease
Broadbent, Armstrong
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prove useful: (a) to detect "noise" due to

sliding, (b) to detect a change in resonant
characteristics of a zone, and (c) to detect
progressive acoustic decoupling of a zone. Any
of these phenomena might indicate the
deterioration of bank stability.
3. System Design

Requirements for a microseismic monitor
system vary from location to location. A well
designed system of transducers and datahandling equipment for one mining installation
may be too complex for another. Figure 3
illustrates the essential components of a microseismic system and some typical systems used
for laboratory and field investigations. The
success in getting such a group of units to work
together harmoniously and to be able to gather
experimental data is due in large part to the
degree of understanding of the system. Many
times a component may perform acceptably by

itself, but by reason of incompatibility be
unable to do so when connected into the
system. The function of the main components
and several factors worthy of careful consideration are outlined here.

3.1 Transducer
The transducer is used to convert the
energy contained in a seismic wave into a
suitable electric signal, much like a microphone
converts acoustical energy from the air into
electrical variations which are proportional to
pressure changes in the atmosphere. In fact,
early attempts at measuring microseismims
utilized ordinary speech microphones whlch
had been modified to survive in the environment. Later, piezo-electric crystal geophones
were developed which greatly improved transducer response to seismic events. Many of these
geophones, including those developed by the
B£CORDER 00 BEADWT DEVICE
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U.S. Bureau of Mines, incorporated the piezoelectric crystal as a cantilever which, when
flexed by a seismic pulse, generated a relatively
large electrical potential. More recently, developments and applications in the aerospace
industry have brought about widespread use of
very sensitive miniaturized accelerometers that
are suitable for microseismic survey work.
These transducers also use piezo~lectric
crystals, but not as cantilevers. Instead, a
moving mass loads the crystal which in tum
generates an electrical potential proportional to
the acceleration of the seismic pulse. The
accelerometers are rugged, very small, and are
available in a large range of accurately calibrated sensitivities. Some of the more important
transducer characteristics are:
3.1.1 Frequency Response - Accelerometers should be used below their resonant frequency to provide good response. AJ an example, a unit having a resonant frequency of
10,000 cps would be used where measurements
in the 0 to 3,000 cps range are to be investigated.
At frequencies above the resonant frequency of
the accelerometer, output drops off rapidly because the mass of the transducer causes it to be
unresponsive to the higher frequency vibrations.
3.1.2 Sensitivity - There is a "trade-off'
between sensitivity and frequency response. A
transducer which will operate over a wide
frequency range generally has a low output;
conversely, one which is designed for a narrow
frequency range can be expected to yield a
relatively high output.
3.1.3 linearity - Operation of a transducer above its specified frequency range
results in an output which is distorted. We say
that it is "out of the region of linearity," so
that the data from it will not be reliable.
Obviously, one should operate transducers
within the appropriate frequency range.
3.1.4 Impedance - Output impedance of
the transducer dictates the type of cabling
required. One of the reasons for using coaxial
cable is that it has a characteristic impedance
irrespective of the length of the cable. Therefore, the experimenter may connect up various
lengths of cable to suit the application without
disturbing the impedance ''match" of the transducer to the cable. Because the maximum
transfer of energy occurs when the transducer is
matched to the cable, an effo·rt should be made

to maintain this impedance level. As an
example, if the output impedance of the
transducer is 600 oluns, a coaxial cable of 600
ohms should be used. In general, accelerometers
having a voltage output need a high-impedance
cable; those having charge output need a
connecting cable of low impedance.
3.2 Cable and Connectors
The interconnection of units is often the
most neglected area of low-level microseismic
systems, and noise is the greatest enemy of
low-level signals. Coaxial cable is almost exclusively used because of its ability to shield
from noise. Therefore, any breaks in the cable
or any splices which are made tend to introduce spurious electrical noise. It is in this regard that cables should not be spliced if at all
possible, and where connectors are used they
should be kept clean and protected from corrosion. Corros.ion introduces extraneous resistance into the cable and causes the performance of the line to gradually deteriorate. Physical movement of cable can introduce electrical
noise, because as the outer strands of the shield
are flexed, the impedance changes slightly.
Where minute signals are to be transmitted
over coax, best results are obtained by using a
cable that has a low signal-to-noise ratio. The
signal-to-noise ratio can be illustrated in this
example: Suppose that the transducer will yield
an output of 10 microvolts (0.000010 volt) and
that the random electrical noise inherent in the
coaxial cable is I /10 microvolt. The signalto-noise ratio is 100. Another way of stating
the case would be that due to random noise in
the system, it would not be possible to identify
a microseisrnic event which was in the order of
1/10 microvolt. Now consider the use of a cable
which is constructed in a superior way and
which will introduce only 1/100 microvolt into
our amplifier. We have now improved the
system by an order of magnitude, the signalto-noise ratio is 1,000, and a transducer output
need only be greater than 1/100 microvolt to
be distinguished at the amplifier input.
3.3 Amplifiers
The electrical output from the transducer is
small and must be amplified to obtain a sigrial
suitable for display or recording. The amplifier
must have what is known as fidelity; that is, it
must faithfully reproduce each variation of
the weak signal and at the same time magnify
Broadbent, Armstrong
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its size. Modern amplifiers, with gains of up to
10 million, can easily satisfy these requirements.
For research work where the investigation of
microseismic wave shapes is of importance, an
amplifier capable of reproducing all the frequency variations of the seismic pulse will be
necessary. Such an amplifier may have a response of 0 - I 00 KH. Conversely, if the event
alone is of importance, then an amplifier with
much less frequency response, say 0 - 20 KH.
will suffice.
Because literally thousands of amplifiers are
available today, it would be impossible to
survey their characteristics in this paper. However, some of the parameters which are important to the proper selection of an amplifier
for m icroseismic work are listed here:
3.3.1 Gain - The electrical signal from
the transducer, i.e., the accelerometer or geophone, may be of the order of 1.0 microvolts,
or 10· 6 volt. Therefore , if a recorder requires a
1-volt drive, the amplifier must boost the
transducer signal by a factor of I 0 6 . This factor,
which expresses the amount of amplification
the input signal will receive from the amplifier,
is the amplifier gain. Often the decibel tenn
(db) is used, which is merely a logarithmic
expression of the same figure. As an example, a
gain of 100 can be expressed as 20 db; a gain of
10,000 would be 40 db.
3.3.2 Frequency Response - The output
of most off-the-shelf amplifiers can faithfully
reproduce the input in a range of 0.1 to 10,000
Hz, while others may be rated for use in the
range of 80 to 18,000 Hz. If the unit is to be
used in a system where every excursion of the
waveform must be reproduced, a wide-band
amplifier should be used. An amplifier is said to
have a flat response within its rated frequency
range. Above and below these frequencies, the
signal is degraded and is not a linear function of
the input.
3.3.3 Filters - Devices known as filters
are often used to restrict the operating range of
an amplifier to a certain specified band of
frequencies. Filters can also be inserted to
screen unwanted frequencies or electrical noise
so that they cannot be amplified along with the
desired signal. In general, the greater the need
for gain from an amplifier, the narrower will be
the band over which that amplifier will respond
without degrading the input signal. Again, this
is a "trad~ff" between the two design
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parameters, and one which should concern
every purchaser-user. The converse is also true;
if a low gain is acceptable, the frequency range
can be quite broad, as much as 10 to 1,000,000
cps.
3.3.4 Distortion - This figure is the measure of degradation inside the amplifier, and
although the system distortion can be considerably higher (due to the cumulative effects
of distortion in all components) the distortion
figure for a good wide-band amplifier should
not be greater than 0.01%.
3.3.5 Output - Output is generally expressed as a maximum voltage available for a
minimum input voltage level.

3 .4 Recorders
Recorders take many forms, from magnetic
tape units to electro-mechanical devices which
are driven at the frequencies of the transducer
system. A survey, taken in 1968 by the
Instrument Society of America shows 72 different types and models of recorders from the
simple stylus which marks on a pressuresensitive paper to a complex high-speed light
beam galvanometer. All these produce a permanent record on various types and sizes of
chart paper. Often, however, a visual record is
not desired. Here a magnetic tape recorder may
be employed which operates on the same
principle as the small personal recording
machines - that of preserving the record on a
thin magnetic tape.
The factors governing the selection of a
recording device, whether for display or for
permanent record, depend primarily upon the
individual application. If portability is a cri·
terion, the light beam galvanometer, because of
its inherent makeup of delicate parts, will
probably not be suitable. If accuracy or speed
of response is an overriding factor, the galvanometer type of instrument will serve well.
A typical strip-<:hart analog recorder has
been used here as an example to point up some
of the principal considerations in the selection
of such a unit.
3.4.1 Sensitivity - Sensitivity is generally
listed as millivolts per chart line, or millivolts
per mm of chart width. If the unit is equipped
with an internal amplifier the sensitivity may be
expressed in a range, i.e., O.ot, 0.02. . . . 10
volts per chart division.

3.4.2 Stability - This is a measure of the
amount that the electronics may "drift" (how.
ever slight) while holding a specified signal
input over a period of time. This is an important consideration, and should be no more
than 0.25%.
3 .4.3 Frequency Response - Generally,
the upper frequency response of a chart re·
corder with an inking system is about 100 cps
due to the inertia of the pen mechanism. The
light-beam units, however, can reach 10,000 cps
easily because of the relatively small mass of
the galvanometer assembly.
3.4.4 Drift - The tenn given to the measure of stability that an amplifier exhibits is
known as "drift," and denotes the smaU loss in
stability or frequency response over a long
period of time. If high-accuracy work is being
carried out, a low-drift amplifier should be
chosen.
3.4.5 Input Impedance - To effect a
maximum transfer of energy from the trans.
ducer to the amplifier, the output impedance of
the transducer should be matched to the input
impedance of the amplifier. For example, if the
transducer has a 60CH>hm output, both the
amplifier and coaxial cable impedance should
be 600 oluns.
3.4.6 Chart Speed - This varies with the
instrument. Again, a high-speed instrument can
spe\v out paper at a rate of 12,500 mm per
second; the average unit will reach top speed at
125 mm/sec. There is little reason to advance
beyond 125 mm/sec unless an investigation of
pulse width or arrival time is of overriding
importance.
3.4.7 Writing Methods - Many methods
are available; ink, electric imprint on voltagesensitive paper, or light trace on light-sensitive
paper. In some instances, the choice can be
made favouring the relative ease of maintenance
with electric imprint writings.
3.4.8 Linearity - The chart and pen must
have a linear relation in order to minimize
distortion. Once again, if a linear, true signal
from the transducer and amplifier is distorted
at the recorder, information is lost.

3.5 The Kennecott Design
Kennecott's requirements were for an inexpensive unit that would be portable, rugged,
and simple to operate. On the other hand, the
unit had to be flexible so its functions could be
expanded according to the needs of the testing
program.
Because transducers are difficult to design
and construct, a standard off-the-shelf unit was
used. Literature surveys indicated that a res.
ponse to accelerations of 0.002 g's would be
necessary for detection of microseismic activity. However, at such low levels the voltage
response of a pieza.electric accelerometer is of
the order of 10·8 volt and an acceptable
signal-to.noise ratio is difficult to attain. Under
these conditions, it was determined that it
would be better to use the transducer as a
charge, rather than voltage generator and then
design the rest of the system accordingly.
The requirements of acceleration response,
charge sensitivity, compactness, availability and
low cost seemed to be met best by a unit such
as the Columbia Research Laboratories acceler·
ometer, model 902. An engineering fum was
engaged to design a soJid.state charge amplifier
to work with this accelerometer. In the in·
terests of operating simplicity, the recording
function of the amplifier was limited to
counting the number of m icroseismic events
that exceeded a preset threshold level (cal·
ibrated in g's) which was continuously variable
from .001 to .1 g. Take-off jacks for an analog
recorder and for earphones were specified to
aid field testing. In addition, because high
frequencies are rapidly attenuated, it was felt
that a response of .0 to 1,000 Hz would be
adequate.
The specifications of the completed system
(Figure 4) are shown in the Table.

4. Field Testing Program
Five identical systems having the noted
specifications were purchased for field testing.
Shortly before the instruments were delivered,
a very large plane-shear type slope failure
(Figure 1) occurred in Kennecott's Liberty pit
in Nevada. Close inspection of the failure site
revealed that new tension cracks were developing on the surface behind the failure. It
appeared that a second failure, similar to the
fmt but containing only about one million
tons, might take place. Subsequent measurements indicated that an intact block was
Broadbent, Armstrong
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FIGURE 4-A microseismic event recorder. Provides a digital record of the number of events
exceeding a chosen threshold level.

TABLE
Specifications of the Recording System
Transducer
Acceleration range:
Charge sensitivity:
Frequency range:
Reasonantfrequency:

0.005 g to 20 kg

u 550 picocoulombs /g
0.1 Hz to 3 KHz ± 2
20KHz

Amplifier
Power requirements:
Input:
Charge gain:
Noise:
Frequency response:
Maximum sensitivity:
Counting threshold:
Outputs
Recorder:
Audio:
Data display;
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20 to 24 vdc, 55 ma counting

Piezo-electric accelerometer
20 mv/u coulomb
Approx. 1 mv rms over 1 KHz bandwidth
Approx. 3 to 1,000 Hz
Approx. 0.001 gat 20 db S/N ratio
Variable 0.001 g to 0.10 g
Direct output from amplifier
Capacitively coupled to amplifier
Event counter

moving down a shallow plunge line at a rate of
approximately 0.03 in./ day. Although that particular section of the mine was not active and a
failure would not create an operating hazard, it
was decided that the five units in the immediate
area should be deployed so they could be
evaluated under actual field conditions. It was
hoped that the microseismic data might help
predict a violent failure if one were to occur.
The zone has continued to slip, but unfortunately for our test program, has not yet
failed. Nevertheless, the data accumulated to
date has helped us evaluate the system and plan
future applications.

4.1 Purpose of Tests
All the installations were made for the
purpose of evaluating the instrumentation and
its potential for stability analysis. Because
microseismic data is highly variable, a long
time-period was allowed for data collection
after each parameter was changed. Even so,
many of the tests are inconclusive at this time.
Typical questions which we hoped to answer
were: (a) What sensitivity is necessary to record
naturally occurring seismic events and is the
equipment capable of achieving this sensitivity? (b) How and where should the accelerometers be installed? (c) How can seismic
activity in a stable area be distinguished from
similar activity in a potentially unstable area, or
from non-seismic noise? The tests answered
some of these questions, raised others, and
yielded data which have led to a better understanding of potential system applications.
Details of some of the tests are presented
below. New tests are being planned In accord
with the results to date.
4.2 Field Tests
Test No.1
To compare the sensitivity of
alternate mounting methods.
Location: Units 1 and 2 in failure block.
Data:
Daily total of recorded events.
Mounting: Unit I - buried 12 in., sensitive axis vertical.
Unit 2 - bolted to 3 ft steel
post driven 3 ft into the ground,
sensitive axis vertical.
Threshold level:
0.002 g
Results (Figure 5):
N = 7 days
X1 =51 events
Purpose:
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FIGURE 5-Sensitivity (left) and correlation
(right) tests.

X2 = 556 events
r

= .8391

Comments :
Correlation at the 99t% confidence level indicates that both
units were recording natural
events as opposed to random system noise. Ground coupling is
substantially improved by post
mounting.

Test No.2
Purpose: To compare two independent
units at the same location and
on identical mountings.
Location: 200ft outside of failure zone.
Data:
Daily total of number of events
reduced to hourly rate.
Mounting: 3-ft steel posts, sensitive axis
vertical.
Threshold: 0.002 g
Results (Figure 5):
N -29 days
~1 : 16.2 events/hr
X2 =27.5 events/hr

1 = 19.2
2 = 46.4
r = 0.69
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Comments:
Correlation at the 99+% confidence level indicates that both
units were recording the same
natural events without sjgnificant internal equipment noise.
The average number of events
recorded differed by a factor of
nearly 2 even though care was
taken to assure that the units
were mounted as nearly alike as
possible.
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Test No.3
Purpose: To determine the relative intensity of microseismic activity inside and outside of a failure
zone, and its relationsltip to
failure activity.
Location: Units 1 and 2 inside failure
zone.
Unit 3 - 500 ft outside failure
zone.
24-hour total of recorded events
Data:
reduced to hourly rate, and measured daily failure displacement.

rll
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I
I

FIGURE 6- Typical data-test number 3

seismic noise was apparently local and showed little correlation
from one location to another.

Test No.4

Mounting: 3-ft steel posts, sensitive axes
vertical.
Threshold: 0.002 g
Results (Figure 6):
N = 60 days
X1 = 2,422 events/ day
= 794 events/ day
= 256 events/day
0.0035 in./day
r1 - 2 = .973- significant at
99,99% confidence level
r1 - 3 = .202
not significant
r1 - 4 = .093 - not significant
3 == .163 - not significant
r2 - 4 = .093 - not significant
~- 12 = .344 significant

Purpose: To ascertain the characteristics
of noise associated with a failure
displacement.
Location: Microseismic unit within the
failure zone, displacement gauge
spanning the peripheral cracks
of that failure.
Data:
Analog strip chart record of
both seismic events and displacement, approximately 40
hrs.
Mounting: 3-ft steel post, sensitive axis
vertical.
Threshold level: 0.002 g
Results: (See Figure 7).

Comments:
The test clearly showed the effects of failure, background seismic, and climatic noises on the
micro seismic system. Failure
noise increased the mean rate of
events counted in the failure
area, climatic noise correlated
closely on all three units (although this is not shown in the
above data), and background

Comments:
Three conditions were noted:
I. Displacements not associated
with recorded noise.
2. Single cycle recorded noise
not associated with displac~
ments.
3. Multiple cycle noise, lasting
up to 5 sec, always associated with recorded displacements.

x2
x3
x4 =
r, -

100

\{till
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rock bolt firmly anchored in rock. Surface post
mounting made the unit highly sensitive to
climatic noise, such as wind and thunderstorms,
which was subtracted before the seismic noise
could be evaluated.

FIGURE 7-Examples of seismic "noise" associated with ground movement
(top and centre). and a single
microseismim (bottom). Chart enlarged 3x.
It was also noted that measured
failure displacement was not at a
continuous rate but occurred in
discreet increments, and that
these increments were irregularly spaced throughout daily
periods.
4.3 Summary and Evaluation of Field Tests

The tests described cover only a small part
of the total data recorded over a 2-year period.
The following summary and evaluation is based
on all available information.
4.3.1 Sensitivity - The system sensitivity
is limited to approximately 1.5 x 10-3 g. Below

this level, cable, amplifier, and recorder noise
obscured the transducer signal. Satisfactory
sensitivity of the system to ground motion was
apparently achieved by post mounting. Other
tests showed that the sensitivity was further
improved by mounting the accelerometer on a

4.3.2 Background Rate - The number of
events counted per day at locations inside the
failure zone was greater than the number
counted outside the failure zone. Typical mean
rates were 101/hr and 11/hr, respectively. It is
interesting to note that many other investigators have reported similar rates. D. W. Wisecarver, for example, in a personal communication, made the following statement regarding
data collected at another pit slope location
which showed evidence of distress, "A small
suspected weak zone is still being monitored
with a single geophone . . . . . The area remained relatively stable until the August 16th
earthquake. Seismic events soared from 10
events/hr to 716 events/hr on August 17th,
dropped to 175 on August 18th, receded to 35
events/hr on August 19th, went back to 97
events/hr on August 20th and then gradually returned to the normal average I 0 events/hr."
A 2-year record of underground rates compiled by Obert and Duvall (4) at one location
showed nonnal monthly average rates of 10 to
30 events/hr and peak average rates of 90 to
180 events/hr. They noted the peak rates were
associated with the development of a major
new fracture.

4.3.3 Mining Noise - The effect of
mining noise was apparently not significant at
this particular location which was approximately 1,000 ft away from active operations.
All blasts were recorded, but because the
counting rate is limited to 1 count per 40 m
sec, less than 5 counts were usually recorded
per blast, and this number averaged over a
2~hour period was not significant. Mining was
discontinued midway during the test program
and no change in the average rate of recorded
events was detected.
4.3.4 Variability of Data - The variability
of the daily total of recorded events was large
at all locations, partly due to an occasional
count exceeding 5,000 events/day. Most of
these high counts at locations outside the
failure zone could be traced to severe storms;
inside the zone, a lesser percentage could be so
related.
Broadbent, Armstrong
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For the most part, the standard deviation of
events rate was slightly greater in the failure
zone. The mean number of events was also
greater but because of the large standard
deviation, the differences in means and occasional high events could not be considered
statistically significant. It was found that the
frequency distribution of event rate was log
nonnal and therefore some statistical tests were
made in the log transfonned data.
4.3.5 Correlation Between Recorders
The tests showed that the number of events
recorded by different units in the same structural zone differed by factors of 2 - 3 but
usually correlated at the 99.99 per cent confidence level. Data from units located in different structural zones correlated at a lower
confidence level when all data was considered
but showed little or no corretation after data
known to be related to severe storms was
removed.
Because each unit was operated completely
independent of every other unit, the correlations indicate that the ratio of recorded
natural events to recorded system noise must
have been very high. It is not implied, however,
that all natural events are of seismic origin.
They might have been due in part to windblown static, tree-root movement, sonic booms,
etc.

4.3.6 Correlation Between Events and Failure Displacement - The failure displacement
w~s measured daily for a period of 2 years with
a surveyor's chain. Total weekly displacement
averaged 0.01 ft with minor seasonal variations.
The percentage error in the daily measurement
was, therefore, :relatively high. Nevertheless, a
correlation was · shown to exist between the
daily event rate and displacement. It is preswned that the occasional high event rates that
could not be related to storm activity were
related to the failure. A correlation test performed on the log-transformed data yielded a
significantly lower correlation c.oefficient and
this further indicated that the higher rates were
not only related to the slide but are more
important in tlte analysis than lower anomalous
rates.
For test No. 4, a high-resolution displacement transducer was attached to a 60-ft
wire spanning the peripheral cracks of the
failure zone. Displacements and seismic activity
were recorded simultaneously on a strip chart
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analog recorder operated at 1 mm/sec chart speed. Parts of that record, shown in Figure 7,
illustrate the seismic noise associated with
displacements of less than 0.003 in. From these
records, it was apparent that displacement noise
contained many cycles lasting over a period of
several seconds whereas other noise, perhaps
being strain-generated microseismims, consisted
of 1 to 3 recorded cycles of higher frequency .
These latter signals appeared on the analog
record as single cycle traces as shown in the
lower photograph of Figure 7, and would have
registered I digit on the counter. The displacement noise, on the other hand, would have
registered at a rate of 25 counts/second or 125
during a 5-second signal. Because the displacement rate changes from day to day, the noise
count associated with that displacement would
be expected to vary considerably above the
background rate and this was found to be the

case.
5. Conclusion

All test work on the program has been
conducted in the field where access, power, and
other desirably experimental conveniences were
limited. Ideal test procedures could not be
followed and results were, therefore, not always
adequate for precise, unbiased interpretation.
We have, nevertheless, drawn the following
conclusions which we will temper with judgment for further application.
a. Displacement noise, as opposed to stressgenerated rock noise, can be detected and
should be the target for a microseismic
system.
b. The digital register can be used in the
system in place of analog recorders to
indicate relative local seismic activity.
c. Surface mounting, or mounting in shallow drill holes can be adequate.
d. A reasonable level of mming noise can be
tolerated.
e. The sensitivity to climatic noise must be
reduced.
f. Trends, not absolute number of events,
are the only reliable criteria at this time
for slope analysis with microseismic recorders.
g. Depending on accelerometer mounting
methods, a sensitivity level of 0.002 g is
adequate.
The work to date has not proven the system
for broad~overage failure-warning application
but has indicated that such an application is

feasible. The results have given us an insight
into the characteristics of the system, the
seismic events, and the non-seismic noise. With
this infonnation, limitations and practical applications can be projected, and specific local
analyses can be undertaken with a useful degree
of confidence. We want the reader to understand that alternate equipment and other sites
were not investigated. We therefore specifically
refrain from making reconunendations as to
either equipment components or reliance on
applications.
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Abstract
The problem of pillar stability at an iron mine
was investigated by measun·ng field and pillar
stresses, pillar deformation, sonic velocity and
microseismic activity. Extensometer measurements of pillar deformation pr(Jiiided the most
useful infonnation on the extent of load
transfer and stability of the pillar. These
measurements in conjunction with the observed cases of pillar cracking indicate that the
structural-weakness (fault and joint) planes are
the main factors affecting stability. The in situ
measurements of stress and defomtation are
compared to those calculated from a finiteelement model, in an attempt to establish an
analytical method of prediction.
Introduction

In 1963 a cooperative research program was
established to carry out rock mechanics studies
at the MacLeod Mine of the Algoma Steel
Corporation. The objective of the work was to
obtain basic information on the load, and
defonnation characteristics of the existing mine
pillars, wltich would assist in the solution of
the problems of mining at a greater depth. It
was recognized that the results of any such rock
mechanics investigations would only provide
supplementary information that could be added
to existing mining experience.
During the last six years a number of
measuring techniques have been tried. Stress,
deformation, microseismic and sonic measurements have been taken at several locations in
the mine. This served the dual purpose of
gathering data relevant to pillar stability and of
evaluating the effectiveness of the measuring
techniques in this mine. In many cases the
measurements were designed to be compl~
mentary; for example, pillar cracking should be
picked up by the extcnsometer, and by microseismic and sonic measurements.
In this paper the stress, deformation, microseismic and sonic measurements are summarized and compared. The case histories of pillars
which have shown visible signs of cracking have
been compiled, since these pillars show the first
signs of instability. An analytical model, based
on the theory of elasticity and using the
finite-element technique, has been constructed
to investigate the stress and deformation
characteristics of a pillar as mining takes place.
These stresses and deformations are compared
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to those measured in situ. Using all this
information the critical parameters controlling
the load applied to, and support offered by, the
pillars can be more fully understood.
Description of the Mine

Algoma Ore Division of Algoma Steel Corporation operates both an underground mine
and an open pit at Wawa, Ont., on the southwestern end of the Michipicoten iron range.
The combined production from both operations is about 3,250,000 gross tons of siderite
ore per year.
Geology
The Michipicoten iron range, which con·
tains all the presently known orebodies, lies
within a complex assemblage of Precambrian
volcanic and sedimentary rocks. The siderit~
pyrite orebody is bounded on the hanging--van
by a volcanic series and on the footwall by a
banded iron fonnation.
Structurally the orebody lies on the south
limb of an east-to-west-trending syncline which
has slightly overturned toward the north and
plunges 40 to 60 degrees eastward. Thrust
faults dipping 15 to 30 degrees south have
Hedley, Zshary, Soderlund, Coates
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displaced the ore zones northward and up. Two
major thrust zones, separated vertically by 500
to 700 feet, are known to exist. These thrust
zones considerably influence stope and pillar
dimensions. The orebody dips generally at 70
to 80 degrees south but the flat thrust zones
produce an overall dip of about 65 degrees.
In the central part of the orebody two
steeply dipping diabase dikes intrude along
major fault planes striking northwesterly, as
shown on the plan of the Ml Level, Figure 1.
This major structural feature offsets the west
and east section of the mine by about 300 to
400 feet. The mining zone tenninates to the
east at another diabase dike where major
faulting displaces the iron formation.
Method of Mining
The George W. MacLeod mine has been
developed along a strike length of one mile to a
depth of 2,000 feet. The orebody is mined by a
sub-level, longhole, open stope-and-pillar
method. The main levels are driven on 300-ft
vertical inteJVals and sub-levels on 75-ft centres.

Stopes are 60 to 75 ft along strike and usually
230 ft high. Pillars are 75 to 80 ft along strike
and take the form of an inverted letter 'L'. The
crown pillar overlies the adjacent stope and
extends to the level above. The stope and pillar
dimensions in some sections of the orebody
differ from the above because of geological
structures, intrusives and grade considerations.
A stope is normaUy blasted, over a period
of several months, in rings 5 ft apart. The pillars
are taken out in two large blasts, fust a 15-ft
slash then the remainder of the pillar.
The dimensions of the MacLeod orebody
and the overlying mined-out Helen orebody are
such that large openings are created. The
comparatively low grade of the ore precludes
the use of back-filling and consequently the
mining sequence is planned to take advantage
of natural caving of the hangingwall. At present, in the west section of the MacLeod mine,
the ore has been removed over a strike length of
about 800 ft to a depth of 1,000 ft, as shown in
the Longitudinal section, Figure 1. Caving of the
hangingwall and ore lost through dflution has
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provided a cover of about 200 feet of broken
rock over the active workings.
It was expected in the early planning stages
that the hangingwall would slough readily, but
experience now indicates that the hangingwall
will stand up vertically over the spans mined to
date. Consequently, it is now the intention to
leave four semi-permanent pillars, two in each
of the east and west sections of the mine. These
pillars will be approximately 225 feet wide at
about 800-foot centres and extend from the
top to the bottom mining level.
The overall mining sequence is planned to
retreat east and west from the centre of the
orebody, with the east and west mining faces
on any level being 500 ft ahead of the mining
faces on the level immediately below. Consequently, from the point of view of ground
control there are no open stopes below active
mining operations.

Measuring Techniques
The longitudinal section of the mine, Figure
1, shows the locations at which measurements
of stress, piJiar deformation, sonic velocity and
microseismic activity were taken. The general
methods of measurements are outlined in the
following sections.

Stress
An overlying technique was used to determine the stresses acting on the orebody; the
principle being that the rock, when the stresses
are removed by overcoring, relaxes and the
magnitude of the relaxation is proportional to
the stresses originally acting on the rock. By
measuring relaxation in three orientations in a
borehole and knowing the elastic properties of
the rock, the magnitudes and directions of the
principal stresses can be calculated for the plane
perpendicular to the axis of the borehole. This
method of measurement gives the stress values
at the time of overcoring but does not give
directly the increase in stress resulting from
mining. The USBM deformation meter was used
as the sensing device and the change in diameter
of an EX borehole was measured when overcoring with a 6-in. dia. bit.

Extensometer
Borehole extensometers measure the relative movement between the collar and a point
in the borehole. Usually the rock movement is
the result of mining and it is measured over a
period of time.

Both bolt and multi-wire extensometers
have been used at the mine. The bolt extensometer consists of a rock-bolt shell and rod
anchored in a borehole. The end of the rod
protrudes through a sleeve at the borehole
collar, and a dial gauge measures the movement
between rod and sleeve. A separate borehole is
required for each bolt. With the wire extensometer, as many as four wires can be installed in
one borehole. The longer wires pass through
holes drilled in the anchors. The extensometer
is intermittently connected at the borehole
collar and measures the relative movement
between wire and borehole.
Sonic
This technique involves a measure of the
transit time of a compressional sonic wave
between a transmitter and a receiver probe
anchored in two boreholes. A signal is generated by tapping a pipe connected to the
transmitter, and the transit time is measured by
means of an oscilloscope. The velocity of sour. ·
through rock is basically dependent on the
elastic properties of the rock; however, the
velocity can be considerably altered by the
structural-weakness planes in the rock mass.

Microseismic
The Seismitron is an instrument for detecting sub-audible noises in rock. Used in its
simplest form a geophone is lowered into a
short borehole and the number of amplified
sounds, as heard on earphones, is recorded over
a certain time interval. In an area where the
background level of noise is constant, any
increase in the number of sounds is an indication of increasing stress and possible instability.
Results of the Measurements
Stress
A program of measurements was undertaken to detennine the field stresses acting in
the orebody and the pillar stresses. lt was
expected that stress values, representing an
order of magnitude, could be obtained from a
few observations. This involved certain asswnptions including a homogeneous stress field
around the orebody and elastic behaviour of
the rock mass.
Tiie locations of the stress measurements
are shown on the longitudinal section, Figure 1.
Measurements were made at different locations
in the borehole to a depth of 20 ft to define
Hedley, Zaharv, Soderlund, Coates
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obtained. Planes of weakness in common mine
the stress concentration, and results from the
bottom part of the hole were used. The stresses rocks are considered to be a major contributing
of greatest interest are those acting parallel and factor. Weakness planes on the scale at which
the instrumentation operates produce large
perpendicular to the axis of the pillars and
fluctuations
in results.
consequently parallel and perpendicular to
On the basis of this work the concept of an
strike of the orebody. For practical purposes,
all holes were horizontal and measurements
average stress field around the orebody is
retained. The principal stress acting parallel to
were made in a vertical plane.
Pre-mining field stress parallel to strike was strike is of the order of 5,000 psi, the intermeasured in a borehole drilled in hangingwall mediate stress acting perpendicular to strike,
tuff. The site was on the M2 level near the 2,500 to 5,000 psi, and the minor principal
shaft, I ,500 ft from the nearest mining and
stress acting vertically, 1,500 to 3,000 psi. Other
some 1,300 ft below surface. A maximum stress sources of information must be used to estabof 6,500 psi dipping 20 degrees to the east was lish whether the measurements are adequate.
obtained. A similar measurement was made, on
Discontinuities in rock appear to be a signifi·
the same level, 4,000 ft to the east in footwall cant factor in producing fluctuating results.
iron formation. Mining had been completed This implies that measurements should be made
300 ft above and 700 ft to the west of the site.
with much closer geological correlation.
An average of 5,000 psi between 10 and 20 ft
in the hole was obtained for the maximum
Extei\SOmeter
stress which dipped I 0 to 20 degrees to the
In general, the purpose of the borehole
extensometers was to measure the deformation
east.
Another borehole was drilled in the foot- of a pillar as mining takes place in the vicinity.
wall iron formation to measure stress perpendi· Of specific interest were the nature and order of
cular to strike of the orebody. The maximum magnitude of the movement, the locations in
stnss was of the order of 4,000 psi acting
the pillar where the movement occurred, and
the distance over which mining affected the
perpendicular to the walls.
Pillar stresses of the order of 2,500 to 3,000 pillar. The locations of the extensometer sites
psi perpendicular to the hanging wall and foot- in pillars 242, 251, 163 and 228 are shown on
wan were measured in pillars 242 and 25 I. The the longitudinal section, Figure I, and the
mining geometry for both sites was similar in enlarged individual sections and plans for t.ach
that an opening of about 200ft existed on one site in Figure 2.
side of the pillar and a 60 ft open stope on the
The measurements taken in pillar 163 gave
other. In addition, a borehole was drilled on the a comprehensive picture of pillar deformation.
M2 level directly below pillar 242. In this case a Extensometers were installed from a central
maximum stress of 5,000 psi was measured crosscut and measured at intervals along the
perpendicular to the hanging waU and footwall.
three axes of the pillar. Measurements started at
The vertical field stresses were found to the beginning of mining and ended with the
vary between 1,700 psi and 2,900 psi. The pillar being blasted out. The graph of total
gravitational load is of the order of 1,400 psi at deformation of pillar 163 is shown in Figure 3.
These three curves represent the movement in
alJ locations.
The data indicates that vertical stresses can each direction of the end measuring points
be double the gravitational load; horizontal relative to each other. A record of the time over
stresses are greater than the vertical; and the which the stapes were mined and pillars restress parallel to strike is greater than the moved is given below the time axis of the
perpendicular stress. Hence, if the data is graph.
It is possible to relate, qualitatively, pillar
accepted at face value, previous tectonic history
rather than depth provides a more logical deformation to mining activity from this graph.
Between hanging wall and footwall, mining of
explanation for the observations.
On the other hand, the measurements ob- the adjacent stopes 162 and 164, and the 163
pillar slash, produced appreciable deformation
tained here are not conclusive. Departures from
the original assumptions do occur. A high stress (compression), whereas mining stope 166 and
concentration around the mine opening and an pillar blasts 15.7, 159, 161 and 165 had no
area of uniform stress beyond was not always significant effect. The individual measurements
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along this axis showed that the major movement took place at the centre of the pillar and
there was little movement at the hanging wall
and footwall. This indicates a stress parallel to
strike considerably higher than that perpendicular to strike.
The expansion measured in the vertical
direction increased slowly while mining stope
164, 165 pillar blast, and 163 pillar slash. The
individual measurements showed that the
expansion was almost totally confined by 1S ft
above and 30 ft below the crosscut, and the
movement between roof and floor of the
crosscut was also expansion. These observations
could result from a compressive stress acting
between hanging wall and footwall, higher than
the vertical stress. Also the open stapes, above
pillar 163, will have partially diverted the
gravitational load to the hanging wall and footwan.
Relatively large expansion was measured
between the east and west sides of the pillar
during the mining of stopes 162 and 164. The
first pillar blasts 157, 159 and 161 had little
effect, but 165 pillar blast and 163 pillar slash
as well as mining stope 166 resulted in considerable expansion. It would seem that expansion on the east and west sides of the pillar
during and after the mining of stope t 66 was
mainly due to the disturbance caused by
blasting rather than the transfer of load, since
no significant movement was measured between
hanging wall and footwall during the mining of
stope 166 and the 165 pillar blast.
The profiles of lateral expansion across
pillar 163 in the east-west direction are shown
in Figure 4. Most of the expansion was confmed to the outside of 14 ft of the west side of
the pillar during the mining of the adjacent
stope 162 (curve l ). The largest defonnation
gradient, indicating possible cracking, was between 9 and 14 ft from the pillar edge. This
pattern of movement was repeated during the
initial mining in stope 164 and the 161 pillar
blast (curve 2). On the completion of mining
stopes 164 and 166 and the 165 pillar blast, the
expansion of the 14 ft at the west side of the
pillar increased appreciably (curve 3) indicating
definite cracking within tl1is zone. Also expansion occurred on the east side of the pillar with
the maximum deformation gradient being with·
in 10 ft of the pillar edge. During an this mining
activity the central 50 ft of the pillar remained
relatively undisturbed. However, there was a

general overall expansion when a 15-ft slash was
taken off the east side of pillar 163.
Extensometer bolts were installed in the
west side of pillar 228 (Figure 2) after stope
229 on the east side was near completion.
Beyond pillar 230 the opening span was 400 ft
to pillar 236. Above pillar 228 the stopes and
pillars had been mining out. The extensometers
measured the lateral expansion of the pillar as
stope 227 was mined and pillars 230 and 236
blasted. Curves 4, 5 and 6 in Figure 4 show the
proftle across the west side of the pillar. Curve
4 is after the 230 and 236 pillar blasts and
curve 5 after stope 227 had been partially
mined. These two curves .indicate that the
major expansion was taking place within 5 ft of
the centre crosscut with little movement in the
rest of the pillar. At this time a diagonal crack
was observed running the general direction
northwest to southeast which .intersected the
5-ft extensometer bolt. On completion of
mining in stope 227 (curve 6) there was an
overall expansion of the west side of the pillar
with the edge moving about 3/4 in., indicating
intensive cracking of the pillar.
Measurements of lateral pillar expansion
were taken in both the east and west directions
in pillar 242, as pillar 244 and stope 241 were
mined (Figure 2). The pattern of movement
was similar to that obtained in pillar 163,
although the magnitude of the expansion was
much less. Extensometers installed in the east
side of pillar 251 recorded very little expansion
during the mining of stope 252 (Figure 2).
The measurements of lateral pillar expansion show that the movement is closely related
to nearby mining and takes place along preexisting joint and fault planes. These geological
weakness planes are probably the determining
factor concerning pillar sloughing and instability. A structural geological study has been
lUldertaken in pillars 167 and 228 representing
the east and west sections of the mine (G.
Herget, private communication). It was found
that .in the east section the joint frequency was
much greater than in the west. In addition, the
two major joint sets in the east were oriented
parallel to the pillar sides and perpendicular to
the dip of the orebody, whereas in the west the
two major sets of joint and fault planes were
nearly vertical and extended diagonally across
the pillar. Consequently, the pattern of pillar
deformation is likely to be different in the east
and west sections. In the east, as exemplified by
Hedley, Zaharv, Soderlund, Coates
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pillar 163, lateral expansion is concentrated at
the sides of the pillar and the rock expands
toward the open stopes. In the west, as exemplified by pillar 228, shearing movement takes
place along a diagonal fault or joint which
intersects the centre of the pillar.
Sonic
Sonic velocities were measured in the 228
pillar near the extensometer site. It was expected that cracks would develop in the pillar
as load and confinement were altered by
mining. Sonic velocity decreases in fractured
rock and the measurements over a period of
time could indicate developing pillar instability.
Consequently, measurements were repeated at
three- to four-month intervals at each location
in the pillar.
Two rings of probe holes were drilled 15 ft
on either side of the bolt extensometer. Each
ring consisted of 6 ft vertical, 25 ft horizontal
and two intcnnediate inclined holes. This configuration provides a number of transmission
paths of which 16 were chosen; most of these
were parallel to the three axes of the pillar.
During the period of measurement, the 230
and 236 pillars were removed and the 227 stope
advanced. The extensometer measurements
showed (Figure 4) that a diagonal crack developed which intersected the 5-ft bolt and also
the transmission path of the sonic pulse. However, the measurements of sonic velocity varied
by less than 10% during this period. Eventually,
one set of holes was cut-off by the diagonal
crack.
Transmission time is measured to within 5%
by the ~scilloscope. The field work was done in
an active mining area where the background
noise level was high and it was difficult to
obtain accurate and consistent measurements.
Consequently, a difference in sonic velocity of
less than 10% is interpreted as not being
significant.

The average velocities measured parallel to
the pillar axes are given in Table 1. PreviQus
work in the laboratory established that the
longitudinal-wave velocity in siderite was of the
order of 18,500 - 20,000 ft/sec. The measurements obtaine.d in the present series of tests are
slightly higher than those obtained in intact
rock (no discontinuity) in the laboratory.
Although the sonic apparatus is designed to
measure longitudinal-wave velocity, transit
times are quite often measured, which seem to
give reasonable values for the shear-wave velocity. These values are also given in Table 1.
Using the average longitudinal- and shearwave velocities, Poisson's ratio was calculated
to be 0.23. The elastic modulus of the rock,
which is related to the longitudinal-wave velocity and Poisson's ratio, was calculated to be 17
X I 06 psi. The elastic modulus obtained for
siderite from compression tests on smaJI samples
in the laboratory, ranges between 13 and 21 X
106 psi, which is the same order of magnitude
as that obtained from the sonic tests.
In summary, the sonic measurements indicate no general deterioration in the pillar rock.
The one isolated crack which developed did not
result in any significant change in sonic velocity. The velocities measured along the three
pillar axes are consistent and give reasonable
values for the elastic constants of siderite.
M icroseismic

Four sites were established in piUar 242 to
monitor microseismic activity. These consisted
of a 5-ft hole drilled into the pillar wall. Three
sites were located on the same level, one at the
centre of the pillar and the others in two
outside comers. A fourth site was located at the
base of the pillar some 100 ft below.
Blasting of pillar 244 inunediately to the
east resulted in a 50% increase in the number of
noises. This increased activity continued for
about three weeks in the pillar corner facing the

TABLE 1
Results of Sonic Tests

Path length, feet
Longitudinal-wave velocity, ft/sec
No. of readings
Shear-wave velocity, ft/sec
No. of readings

Along
Strike

Normal
to Strike

15
20,865
7
11,151
6

30
19,974
16
12,352
4

Vertical

10
20,218
6
12,630

Average

20,350
12,040
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blast and for one to three weeks at the other
sites. Lower noise counts were obtained at the
base of the pillar than at mid-height. Subsequently the noise counts declined until the
pillar was removed.
Measurements were made in an upper level
to monitor stability of an unsupported section
of the hanging wall. Between 50 and 100 noises
were recorded in different 10-rninute intervals.
The noise level remained constant and failure in
the wall was not observed.
Another series of observations in a crown
pillar at the bottom of the mined-out area
produced counts of the order of 250 noises/ 10minute interval following a 9,000-ton pillar
slash. The noise level declined more-or-less
linearly in the following two months until the
pillar was removed.
The technique was applied here to monitor
the stability over large distances, say 100 ft or
more. Although the measurements are easily
obtained they are difficult to interpret, where
the problem is on such a large scale. One of the
problems is that the measurement is largely
subjective. The operator must choose between
the various tones and loudness of the noises
without knowing the origin and, hence, significance of any particular noise.
Theoretical Pillar Stresses and Deformations
At present, any theoretical prediction of
pillar stresses or deformations can only be made
with a two-dimensional analysis. The geometry
of the MacLeod mine does not lend itself well
to a two-dimensional idealization, which esserr
tially requires that the variations in geometry
occur in one plane, with the configuration in
the third dimension being essentially constant.
In spite of the difficulty, analyses have been
made that provide some insight into the reactions, due to adjacent mining, that can be
expected in the pillars.
A section, approximately horizontal, has
been taken through the first sub-level of a
typical pillar as shown in Figure 5. By making a
two-dimensional analysis in this plane the implicit assumption is that the geometry is continuous in the third dimension. However, it is
only continuous for 100 ft above and below
this section, which is of the same order of
magnitude as the dimensions of the stopes and
pillars. Consequently, load will be diverted
above and below the stopes as well as laterally
to the pillars. The mining of the crown pillars
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above the stopes will result in additional transfer of the stresses to the pillars and below the
stopes, it being impossible to transfer through
the mined-out upper stopes.
The stopes and pillars as shown in Figure 5
were part of a larger model loaded in the
directions normal (N - S) and parallel (E - W)
to strike. This model was divided up into a
series of finite elements, and the effects of
mining adjacent stapes and pillars on a remaining pillar were analyzed using the finiteelement technique (Wilson). The sequence of
mining in the model was: stope No. 1, stope
No. 2, stope No. 3, pillar No. 4, stope No. 5,
pillar No. 6, and pillar slash No. 7. Based
substantially on tests on the rock substance, it
was assumed that the modulus of deformation
of the rockmass was uniform and equal to 10 X
106 psi with a Poisson's ratio of 0.2. It was
further assumed that the field stress nonnal to
strike, S0 , was 2,500 psi and the field stress
parallel to strike, s,, was 5,000 psi.
The overall deflection of the walls and
pillars due to the mining of stopes and pillars
No. 1 to No. 6 is superimposed, to an exaggerated scale, on the mine section in Figure 5.
The barrelling of the pillar and the bowing-in of
the walls are to be expected. However, the
absolute movement of the pillar laterally is less
likely to be anticipated and must result in a
certain amount of working and loosening of the
pillar. This lateral movement is even greater
during the flrst stages of mining.
Figure 6(a) shows the movement in the
pillar along section B - B relative to the pillar
centre at the various stages of excavation. This
graph would be comparable to that obtained
from a borehole extensometer with the collar at
the pillar centre and anchor points at 20, 40
and 60 ft toward the hangingwall or footwall.
These curves are similar to that shown in Figure
3, showing that the deformation from hanging
wall to footwall in pillar 163 increases with
progressive mining of adjacent stopes and pillars. The mining of stopes No. 3 and No. 5 have
a very large effect (Figure 6(a)) on the defonnation of the pillar, as does the excavation of the
adjacent pillar No. 6. The movement per unit
length (strain), represented by the spacing
between the curves, is greatest at the centre (0
- 20 ft) and decreases toward the walls (40 60ft).
Figure 6(b) shows the profll.es of pillar
stress in the direction nonnal to the walls along
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FIGURE 6- Pillar deformation and stress profiles along section B-B, S0 = 2,500 psi.
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the section B - B. The profiles show the
increase in stress resulting from successive
excavations and the increasing difference in
stress between the central portion of the pillar
and the zones adjacent to the walls. Tltis stress
difference as well as the increase in transverse
stress toward the walls accounts for the decrease in pillar defonnation near the hangingwall and footwall.
Figure 7(a) shows the displacements across
the pillar at section A - A. It can be seen that
excavations No. I and No. 2 result in a general
movement of the pillar to the west. Excavation
No. 3 causes an even greater movement to the
west as well as a large increase in the expansion
between the two sides of the pillar. Excavation
No. 4 has little effect. Excavation No. 5 results
in a movement back toward the east as well as
increased expansion; excavations No. 6 and No.
7 have similar effects.
Figure 7(b) is a re-plot of the lateral pillar
expansion along section A - A, comparable to
a borehole extensometer with the collar at the
pillar centre and anchor points at 25 and 40 ft
toward the east and west sides of the pillar. It
can be seen that mining stapes No. 3 and No. 5
on either side of the pillar produced most of
the expansion.
Figures 7(c) and 7(d) show the proflles of
axial pillar stress across the pillar at sections A
- A and C - C. The stress pattern is different
at the two sections; at A - A the stress is
highest at the centre and decreases toward the
pillar sides, whereas at C - C it is completely
the opposite. It is interesting to see the conspicuous decrease in pillar stress at the west side of
the pillar, section A- A, resulting from mining
the adjacent stope No.3. Then with the mining
of stope No. 5 on the other side of the pillar
these low stresses are increased to give a
symmetrical distribution across the pillar.
Curiously, the mining of pillar No. 6 results in a
relatively large increase in stress on the west
side of the pillar contrary to the results of
mining stope No. 3. The transverse stress along
section A - A was found to be reduced to zero
after the excavation of the adjacent stopes No.
3 and No. 5. Along section C - C the restraint
coming from the walls was found to be sufficient to preserve a considerable portion of the
original stress parallel to strike in the central
part of the pillar.
Table 2 shows comparative figures obtained
from field measurements of the longitudinal

compression and lateral expansion. The measurements are by borehole extensometers
(BHE) and the predictions by the fmite-element
analysis (FE). The predicted figures are obtained from the above analysis using the
incremental defonnations resulting from the
mining of whichever excavations No. 1 to No.7
are equivalent to the actual block that was
excavated. Furthermore, the results from the
finite~lement analysis are adjusted to conespond to the actual measuring lengths in the
pillar.
The measured and predicted results for
pillar 163 given in Table 2 are separated into
two groups: the total measuring lengths (I 06 ft
N - S, and 68 ft E - W) and over the central
portion of the pillar ( 45 ft N - S and 38 ft E W) which is relatively unaffected by the constraint of the walls and the zones of cracJting at
the sides of the pillar.
For the overall movement, the mining ol
stope 162, pillar 159 and the ftrst stage of stope
164 produced poor agreement for the lateral
east-west expansion but good agreement for the
longitudinal north·south compression. The
mining of blocks 16 I , 166, second stage of 164,
165 and 163 pillar slash caused the differences
between measured and predicted movements to
converge in the east-west direction and diverge
in the north-south direction.
The measurements in the east-west direction started a month after those in the northsouth direction during the mining of stope 162.
Consequently, part of the east-west expansion
was not measured. If the comparison is made
for the mining of block I 59 onward then the
measured expansion is always greater than the
predicted expansion, i.e. after mining pillar 165
the measured movement is 0.30 in. and the
predicted movement is 0.22 in. This means that
the measured movements might include nonelastic defonnation, possibly due to the opening of cracks and joints as deduced from the
profiles oflaterial expansion shown in Figure 4.
The movements measured in the central
portion of the pillar show poor agreement in the
east-west direction. After mining of stope 162
no significant east-west expansion was measured until the second stage of mining in stope
164, and there was a large expansion with the
163 pillar slash which probably caused cracking
throughout the pillar. The predicted movements show a general increase in expansion for
Hedley, Zahary, Soderlund, Coates
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TABLE 2
Longitudinal Compression and lateral Expansion of Pillars
Due to Adjacent Mining of Blocks at the Macleod Mine,
Measurements vs Predictions
Disp'ts E- W
Pillar

Site

Block
Excavated

BHE**
in.

FE*,...

in.

Disp'ts N - S

BHE "'*
in.

FE***

Measuring
Lengths

in.

163

162
159
164*
161
166
164*
165
163

0.06
0.08
0.10
0.10
0.20
0.28
0.36

0.21
0.21
0.28
0.30
0.34
0.41
0.43

0.09
0.10
0.17
0.1!1
0.22
0.27
0.27
0.37

0.08
0.11
0.17
0.33
0.37
0.43
0.59
0.65

N - S 106 ft
E - W68 ft

163

162
159
164*
161
166
164•
165
163

0.03
0.02
0.02
0.02
0.02
0.05
0.06
0.18

0.14
0.14
0 .17
0.19
0.22
0.25
0.27
0.27

0.11
0.12
0.16
0.17
0.19
0.22
0.23
0.29

0.04
0.06
0.09
0.16
0.18
0.21
0.28
0.30

N - S 45ft
E- W 38ft
Central
portion of
pillar

242

241,244

0.10

0.09

E - W48ft

0.01

0.04

E - W20 ft
East side

251

252

• Stope 164 mined in two stages, assumed predicted displacement equally divided between S1ages.
n Measured by borehole extenso meter .

... Predicted by finite-element analysis.

all stages of mining with the 163 pillar slash
being a notable exception.
Although there is overall agreement between measured and predicted movements over
the 45 ft in the north-south direction the
individual increase for each block in some cases
do not correspond. The measured movements
show that adjacent stopes 162 and 164 and the
163 pillar slash produced the major movement,
whereas the predicted movements show that
the mining of pillars 161 and 165 should also
have produced significant movements. The
possible causes which could produce these
discrepancies are discussed at the end of this
section.
The defonnation measured in pillar 242
resulting from the mining of blocks 241 and
244 is in close agreement with the predicted
movement. The comparison for pillar 251 is
not as good although the order of magnitude is
the same. Movements measured in pillar 228
(Figure 4) are not included in Table 1 since

most movement was concentrated at a weakness plane and is not predicted by this fmiteelement analysis.
The comparison between measured pillar
stresses and those detennined by the model are
shown in Table 3. For the assumed field stress
(S 0 = 2,500 psi, St = 5,000 psi), it can be seen
that the measured stresses are roughly half the
predicted stresses. The fact that there is threedimensional transfer of stresses around the
actual pillars undoubtedly is a major reason for
these differences.
In spite of this probable explanation, further analyses were made varying the field stress.
These cases might be considered as producing
two-dimensional conditions equivalent to the
actual three~ensional transfer; in other
words, only a fraction of the field stress is being
transferred into the pillar, the other part being
diverted above and below the stopes. It can be
seen that ;.£' field stresses of S0 = 1,600 psi and
s, : : : 4,000 psi are used, the agreement with the
measured stresses is very good. In an alternate
Hedley, Zahary, Soderlund, Coates
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TABLE 3

Stresses in Pillars at the Macleod Mine,
Measured vs Predicted
Pillar
Site

Model Excavations
to Approximate
Actual Conditions

Pillar Stresses
Measured
psi

Remarks

Predicted
psi

242

1, 3,5,6, 7

2600

6000

Pillar breadth 66 ft compared to 80 ft for
model. Length of stopes 200 ft which is less
than about 600 ft required to fulfill the
conditions for a two-dimensional analysis.

251

1, 3, 5, 6, 7

3000

6000

Pillar breadth 60 ft

163

1, 3, 5,6, 7

3700*
3000

6000
3300
580

Calculated from Figme 3 at 520 days.
S0 = 1,600 psi, S1 =4,000 psi.
S0 = 600 psi, S1 7,000 psi. Note that model
is not a good representation of actual conditions as there should be an additional
block excavated adjacent to No. 5 representing pillar 165.

t4oo•

=

* li = (~ op -IS {A o 1 + ~ oz)) H/E; A ot =-S 1; 6.az =0; H =106 feet.
case of S0 = 600 psi and S1 = 7,000 psi the
agreement is not good. The seeming paradox of
the measured pillar stresses, recorded in Table
3, varying with the t1eld stresses is explained by
the fact that deformation is actually measured
from which pillar stresses are calculated using
assumed values of the field stresses.
In summary, the frnite-element analysis on
the two-dimensional model predicts movements
and stresses greater than those measured in situ.
Also it predicts that mining of blocks beyond
the immediate stopes on either side of the pillar
have a much greater effect on the longitudinal
north-south stresses and deformations than is
observed in practice. Probably the main reason
for these discrepancies is that part of the field
stress is being diffracted above and below the
stopes instead of all on the pillars as in the
model. Thls diffraction in the third dimension
would result in a reduction in the pillar stresses
and deformations. In addition, blocks more
than one stope distance away from the pillar are
nearer to the solid ground above and below the
stopes, and the stress field is more likely to be
transferred over this shorter distance rather than
over the longer distance to the pillar. This would
explain why mining beyond the immediately
adjacent stopes produces very little deformation
in the north-south direction. Other factors which
could explain the discrepancies are that the
assumed field stresses of S0 = 2,500 psi and
st =5,000 psi are too large and should not only
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be reduced but also the S0 /S1 ratio increased to
explain the small measured movements near the
hanging waH and footwall. Also, a larger deformation modulus than the value of 10 x 106 psi,
while not significantly altering the stresses,
would reduce the predicted deformations.
In conclusion, it would seem that the
three-dimensional aspects of the actual situation makes it difficult to predict accurately
using a two-dimensional model. However, by
using thls model the mechanics of stress transfer and the behaviour of the structure can be
more readily understood. At the same time, it is
conceivable that the actual field stresses could
be modified by a reduction factor based on
some kind of simple three-dimensional analysis
the purpose of whlch would be to determine
the equivalent conditions for a central section
to be analyzed in two dimensions.

Case History of Pillar Cracking
Noticeable cracking has occurred in several
of the pillars mined since underground operations commenced in 1949. At depths from 800
to 1,500 ft, pillar cracking has caused sloughing
of the pillar walls and in some cases offset blast
holes. Pillar cracking is considered the fust sign
of instability, and while the whole pillar is not
in a state of failure the tensile and shear
strengths on certain planes of weakness have
been overcome.

Two areas in the west section of the mille
(Figure J), one almost directly above the other,
are examined.
Figwe 8 shows the locations of obseJVed
cracks on the H2, M1-3 and Ml-2 levels in
Area 1. This area was about 500 feet along
strike with the pillars 225 to 300 ft long
down-dip. Mining proceeded over a period of
22 months with pillar cracking, and sloughing
developing in the fmal 11 months. The cracks
were of three main types: those parallel and
near to the sides of the pillar, which are
occasionally 1/2 in. wide; those striking in a
northwesterly direction; and those striking in a
northeasterly direction.
After the mining of 127 stope, partial
mining of 125 and 123 stopes and re~ov~ of
the J 30 pillar, cracking was observed m pillar
128. Extensive sloughing took place from the
sides of the 124 and 126 pillars, which were
probably caused by cracks parallel to the sides
of the pillars. Sloughing was also reported from
the back of the 125 stope and was thought to
be associated with a 15-ft intrusive cutting
across the stope.
Figure 9 shows the locations of the observed cracks on the M1, M2- 2 and M2- 1
levels in Area 2. This area was about 1,000 ft
along strike with the pillars 390 ft long downdip. A thrust zone separated Areas 1 and 2. The
direction of the cracks is similar to that
observed in Area 1.
Stopes 231, 233, 235, 237 and the block
223 to 225 were mined over a period of 54
months before any pillar blasts. No cracks were
observed during this time. Pillar 232 was
blasted frrst, followed by a main portion of
pillar 234. Following these blasts a buttress left
on the hanging wall at pillar 234 cracked and
sloughed off at the M2-l sub-level. Pillar 236
was the next pillar blasted which produced a
SO(}ft-long opening to the east of pillar 230.
The hanging wall section of stope 229 was
then mined, which produced extensive cracking
and sloughing of pillar 230. Cracks up to J l/2
in. wide developed in the centre crosscuts on
the frrst and second sub-levels and numerous
cracks were observed in the hanging wall and
footwall drifts.
The 230 pillar blast produced prominent
cracks in the 228 crown pillar on the M1level.
During the mining of stope 227, additional
cracks were observed in pillars 226 and 228,

with the extensometer morritoring the movement of the cracks in pillar 228 as shown in
Figure 4. These two pU!ars were the last to be
blasted above the M2 level in the west section
of the mine.
The 41 cracks observed in Areas 1 and 2
can be categorized into three main groups as
shown in Table 4. The cracks parallel to the
sides of the pillars, set No. 1, mainly occur
within 15 ft of the pillar side. These cracks are
probably extension fractures and are directly
related to the lateral expansion of the pillar,
and in some cases result in pillar sloughing. The
diagonal cracks, sets No. 2 and 3, probably
result from shear movement, which occurs
when the frictional resistance is overcome along
the joint and fault planes. These crack sets are
mainly concentrated in the central portion of
the pillar and rarely penetrate into the hangingwall or footwall.
The progressive pillar deterioration can be
visualized as the result of two processes: relief
of stresses at the pillar sides permits extension
fractures in the rock, not necessarily along any
structural weakness planes; shear stresses produce sliding between blocks of rocks, the
magnitude, location and initiation of movement
is dependent on the structural weakness ~lanes.
Considering the susceptibility of the diagonal
fault and joint planes to shear movement, it can
be deduced that:

1. those planes which intersect both sides
of the pillar have the least resistance;
2. those which intersect one side and either
the hanging wall or footwall require crushing of
the rock or intersecting planes of weakness for
movement to occur; and
3. those planes which intersect both the
hanging wall and footwall have the greatest
resistance. It follows that wide pillars are more
stable than narrow pillars since only planes,
almost at right angles to the direction of stress,
can intersect both sides of the pillar.
The relative magnitude of the stresses acting
parallel and normal to the fault plan~s will
determme whether movement occurs. Usmg the
fmite-element method of analysis the stresses
parallel and normal to the north 30° west and
north 30° east fault and joint systems, were
calculated. Field stresses of 1,600 psi (So)
perpendicular to the hanging wall and footwall
and 4,000 psi (S,) parallel to strike were _used.
An opening of 340 ft was taken on one Side of
an 80-ft-wide pillar and a 60-ft opening on the
Hedley, Zahary, Soderlund, Coates
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TABLE 4
Details of Crack Survey
Set No.

Direction of Cracks

No. of Cracks

Remarks

north± 10°

20

Parallel to pillar sides, not associated with any
prominent joint or fault system;

2

north30° west± 15°

12

Associated with a steeply dipping fault system;

3

north 30° east ± 10°

9

other side. The stresses at different locations
along the pillar centre line between hanging wall
and footwall are given in Table 5.
A high, parallel to nonnal, stress ratio (r/a)
indicates the greatest likelihood of shear move·
ment along the planes. The calculated results
confinn that the central area of a pillar is more
susceptible to shear movement than that near
the hanging wall or footwall.
The propagation of pillar cracks has been
observed in several pillars and monitored by
extensometers in two pillars. The measurements
indicate that even during the first stages of
mining around a pillar, movement oc.:urs on the
fault and joint planes and only during the last
stages of mining are the cracks readily visible.
The worst cases of pillar cracking occur where
an opening at least 300 ft long exists on one
side of a pillar and the stope on the other side
of the pillar is being mined, e.g. pillar 230 as
stope 229 was mined and pillar 228 as stope
227 was mined.
These observations on pillar cracking are
only relevant to the west section of the mine. A
preliminary structural-geological study in the
east section indicates that the fault and joint
sets are parallel to the pillar sides. In this case,
lateral expansion and the associated cracks
should be more prominent than the shear
movement along the diagonal faults and joints
experienced in the west section.

Associated with a vcrti<:al joint system.

Conclusions

The research program provided:
1. information on the usefulness of various
types of instrumentation;
2. an understanding of the pillar stresses
and deformations associated with this method
of mining;
3. data for the development of an ana·
lytical approach for predicting stresses and
deformations; and
4. an understanding of the factors involved
in pillar stability.
Extensometers were found to give the most
useful information on:
1. the stability of the pillars
2. the location and movement at planes of
weakness
3. the extent ofload transfer to a pillar, and
4. an estimate of the increase in pillar stress
due to mining. Stress measurements, with the
equipment used, can give order of magnitude
values and defme the directions of the principal
stresses. Sonic measurements can be used to
estimate d1e elastic modulus and Poisson's ratio
of the rock mass. At this mine, this method was
not suitable for determining zones of fracture
since cracking was already visible before any
significant change in sonic velocity occurred.
Microseisrnic measurements indicate working of
the rock, but it is difficult to defme the origin
and significance of the noises. It is considered

TABLE 5
Calculated Stresses Acting on Joint and Fault Planes
Location

Hanging wall or Footwall
2/3 Distance from Centre
1/3 Distance from Centre
Centre
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Both North 30° West and North 30° East Planes

Parallel Stress ( r)

Normal Stress (o)

r/o

600 psi
900 psi
1,450 psi
1,700 psi

3,000 psi
1,800 psi
1,200 psi
950 psi

0.2
0.5
1.2
1.8

that extensometer measurements provide the
same information and are more easily interpreted.
Extensometer measurements in pillar 163
indirectly confirm the field stress measurements
as to the direction of the principal stresses,
parallel to strike being the major, perpendicular
the intermediate, and vertical the minor.
Measurements in pillar 163 also indicated that
load is transferred to the pillar while the
immediately adjacent stopes are being mined.
In this location, mining greater than one stope
distance from the pillar means that solid ground
is nearer above and below the stopes and the
load will naturally be transferred over the
shorter span. However, this will not always be
the case on the second and third levels and it is
expected that pillars will be affected by mining
over a greater distance as the spans increase.

The measurements taken at this mine together with the geological study and survey of
pillar cracking indicate that the fault and joint
planes of weakness, rather than the strength of
the rock substance are the main factors determining pillar stability. The development of
these cracks is most noticeable where there is a
large opening on one side and mining is
advancing in the adjacent stope. In addition the
number of cracks observed in the pillars on the
second level (Area 2, Figure 9) is greater than
those observed on the first level (Area 1, Figure
8). Consequently, the frequency of cracking
seems to increase with depth and may be
indicative of increasing pillar stress with depth.
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The fmite element analytical model gave
values of pillar deformation and stress of the
same order of magnitude at those measured.
However, there were a number of discrepancies
due to trying to represent a three-dimensional
stress and geometrical condition as a twodimensional problem. The possibility exists of
modifying the actual field stresses to give
equivalent conditions in two dimensions. This
type of analysis may be useful in determining
the shear and normal stresses acting on the
planes of weakness and in conjunction with
in situ measurements provide an estimate of
pillar strength.
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Abstract
The three bane laboratory techniques for determining
compressional and shear-wave velocities on rock
samples are reviewed. The conclusion is drawn that the
pulse first-arrival method is hest mited [or rock
samples mbjected to trioxiallooding condition$.
Two systems are described for determining compressiofiiZl and shear-wave velocities precisely by the
ultrasonic pulse first-arrillal method on rock samples
subjected to hydrostatic pressures to 10,000 psi, and
to triaxial loading conditions at co11jinin.g pressures to
6,000 psi. Emphasized are the advantQges of the
second system in being able to detennine the velocities
and static stress-&train relationships concurrently on
the same rock sample.
Results of tests on three sandstones mbjected to
hydrostatic COIIjining pressure are reported. While one
sa~rdstone is isotropic in beh1111il>ur, the other two are
tranwersely isotropic, with their axis of symmetry
perpendicular to the bedding plane. The degree of
anisotropy is reduced as the confining pressure is
incretZsed.
Static and dynamic elastic moduli have been
calc11lated for the isotropic lfDndstone from stress:rtroin data and velocities measured concurrently on
the same sample as a function of changes In triaxial
loading condition:r. While the dynamic moduli are
greate in mag11itude than the static moduli, the ratio
of the two is reduced by a11 increase in con/inillg
pressure. It is concluded that the presence of crockr is
responsible for the behwwur of the three sandstones
tested: ra11domly-oriented in all three, but with a
highe concentration in the bedding plane of the two
anisotropic rockg,
Practical applications of the laborotory remits to
problems in mini11g and geological engineering are
given. Mention is also made of controlled-pulse acoustic equipment under development for determining in
situ compressio1111/ and shear-wave velocities, and for
locating geologic discontinuities undergrou11d.

Introduction

The variation of compressional and shearwave velocities and attenuation in rocks as a
function of changes in triaxial loading conditions is of considerable interest in the fields of
mining, geological engineering, geophysics and
petroleum engineering. Major factors influ·
encing the velocities and attenuation of acoustic waves in rocks are the degree of anisotropy
and fissuring of the solid matrix comprising the
rock, the type of fluid saturating the pore
spaces, and the effects of the existing stress
field and pore-fluid pressure in the rock. In
mining, for example, the mechanical state of
rock surrounding an opening may often be
gauged from the velocities and attenuation of
acoustic waves. The distances of geological

Ultrasonic Compressional
and Shear-wave Velocities
of Confined Rock Samples

by M.S. King
Department of Geological Sciences,
University of Saskatchewan,
Saskatoon, Sask.

discontinuities from a mine opening can be
determined from the reflection of pulses of
acoustic waves.
In geological engineering, the influence of
rock matrix anisotropy, pore water saturation
and pressure on the strength and elastic moduli
of the rock is of prime importance in the
selection of suitable foundations for large
structures. The dynamic elastic moduli of rocks
obtained from velocity measurements are
neces<;ary for understanding the mechanisms of
drilling and blasting. The interpretation of
seismic records demands a knowledge of the
velocities of acoustic waves as a function of
confmmg pressure. In the petroleum industry,
the effects of changes in rock compressibility,
porosity and fluid saturation on the velocities
and attenuation of acoustic waves is required
for the interpretation of acoustic velocity logs.
In order to have the widest possible practical
application, the velocities measured in the
laboratory must be on rock samples under
conditions closely resembling those in the field.
There are, basically, three laboratory techniques suitable for detennining the velocities of
compressional and shear waves on rock samples
King
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subjected to triaxial loading conditions and
pore-fluid pressures.
The ftrst of these is the resonance method,
in which the rock specimen is caused to vibrate
at its resonant frequency in one of several
normal modes. For isotropic, homogeneous
materials the relationships between resonant
frequency and velocity are fairly simple. For
materials exhibiting anisotropic behaviour,
however, the relationships can be extremely
complex. Gardner et al. ( 1964) describe a
method of this type for determining the effects
of confming pressure and different fluid saturants on the acoustic-wave velocities and
attenuation in rock samples. A limitation of the
technique is that corrections must be made for
the effects of the frictional forces of the fluid
exerting confining pressure on the resonant
frequency of the sample. These corrections can
assume major proportions at large confming
pressures.
The second is the rotating-plate technique,
in which a thin parallel-sided sample of rock is
rotated in the path of a continuous beam or
succession of pulses of ultrasonic energy. At the
critical angle of incidence of the beam, for
which compressional and shear waves are refracted parallel to the sides of the sample, there
will theoretically be no transmission of energy.
King and Fatt (1962) have described the
continuous-beam method, operating at 1 MHz,
for determining shear-wave velocities as a function of hydrostatic confming pressure to 2,400
psi. Wyllie et al. (1962) and Gregory (1963)
have reported a gated-pulse rotating-plate
method for obtaining compressional and shearwave velocities at hydrostatic pressures to
10,000 psi. This technique, however, has not
been developed further, because of certain
problems associated with locating the exact
angles for critical refraction of compressional
and shear waves.
The third is the pulse first-arrival technique,
in which the time is measured for a pulse of
compressional or shear waves to traverse a
known thickness of the rock. This method has
been successfully used on well-compacted rocks
by a number of workers, using either X-cut
quartz or axially-polarized ceramic transducers
for compressional-wave velocities, and AC-cut
quartz transducers for shear-wave measurements. A review of this work is contained in an
article by Simmons (1965). Difficulties in
detennining shear-wave velocities on saturated
128
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porous rocks were, however, reported by
Gregory (1963), because of the high degree of
attenuation of shear waves. Jamieson and
Hoskins (1963) proposed the use of an axiallypolarized ceramic transducer, with its high
electromechanical conversion properties, to
produce pulses of polarized shear waves from
compressional waves at a free surface. Using a
development of this method for producing and
detecting shear waves, the present author (King,
1964; 1966) has successfully determined the
velocities of compressional and shear waves on
several dry and liquid-saturated sandstones as a
function of hydrostatic confming pressures in
the range 500 psi to 10,000 psi. During this
research it was observed that several of the
sandstones tested exhibited an appreciable
degree of anisotropy, especially at low confming pressures. Gregory (1967) has also reported a successful technique for detennining
shear-wave velocities, which is based on the
conversion of compressional waves to polarized
shear waves by refraction at a liquid-solid
interface.
The stress-strain relationships for materials
exhibiting various degrees of anisotropy have
been discussed by Hearmon (1961), who also
develops expressions for the velocities of
compressional and shear waves in these materials. Since the rocks for which results are
reported here fall in the categories of isotropic
and transversely-isotropic materials, the stressstrain relationships and expressions for velocities in materials of these types are included in
the appendix. Walsh and Brace (1966) have
reviewed theoretical studies of the elasticity of
rock considered as a material containing pores
and cracks. The presence of sharp narrow
cavities, such as cracks or joints, at low
confming pressures is found to influence strongly the mechanical properties of the rock; a
considerable reduction in magnitude of the
elastic moduli of the rock is associated with
them. As the cavities are closed by higher
pressures, the elastic properties of the rock
approach those of the uncracked porous material. Simmons and Brace (1965) found that for
hydrostatic confining pressures in excess of
30,000 psi the static and dynamic elastic
moduli for several rocks were closely in agreement with each other, suggesting that any
cracks present at lower confming pressures had
been closed. Walsh (1966) has used the theory
as a basis for a proposed mechanism for the

source of seismic-wave attenuation in rocks.
This attenuation mechanism predicts results
which agree with published values for experi·
ments on granite and limestone.
Biot ( 1962a) has presented a unified treat·
ment of the mechanics of deformation and
acoustic-wave propagation in saturated porous
media, which predicts the existence of two
coupled compressional waves and one shear
wave for an isotropic materiaL The compressional wave with the lower velocity may usually
be neglected, because it is shown to attenuate
very much more rapidly than the one with the
higher velocity. Two general conclusions may
be drawn from Biot's analysis when it is applied
to isotropic, saturated rocks. First, the shearwave velocity in the saturated rock will always
be rather less than in the dry rock. Second, the
compressional-wave velocity in the saturated
rock will generally be higher than in the dry
rock , except for rocks having a high value of
bulk modulus. Biot (1962a, b) notes, however,
that under certain conditions it is possible for
the liquid saturant to behave in a non-Newtonian manner, thus invalidating his theory. He
shows (Biot, 1962b), for example, that relaxation behaviour can occur at frequencies of the
order of 1 MHz in cracks 1 micron thick
saturated with water. Geertsma ( 1961) and
King ( 1966) have noted anomalous behaviour
of shear-wave velocities which might be attrib·
u ted to effects of this kind.
The influence of liquid saturation and
confining pressure on compressional and shearwave velocities in sedimentary rocks has been
discussed and detennined experimentally by
King (1966) and Gregory (1967). It has been
found that an increase in hydrostatic confming
pressure with constant pore pressure increases
both the compressional and shear-wave velocities. Changes in pore pressure were found to
indicate a dependence of both velocities on the
difference, (P e - p r)' between the hydrostatic
confming pressure, p eo and the pore pressure,
Pr. Gardner et al. (1965) have given a theoretical analysis which shows this dependence on
(Pe · Pr) to be true only if the difference in
pressure follows a previously established hysteresis cycle. King observed that for all rock
types he tested there was an appreciable hysteresis effect, with higher velocities being recorded at a given confming pressure when the
pressure was being reduced than when it was
being increased. Both King and Gregory noted

.that once a rock sample had been subjected to
the maximum hydrostatic pressure, acoustic·
velocity measurements were reproducible
during further tests.
The effect of complete liquid-saturation of
the rock has been found experimentally by
King ( 1966) and Gregory ( 1967) generally to
increase the velocity of compressional waves,
with the effect most marked at low confming
pressures. These workers observed a decrease in
shear-wave velocities on saturated rock samples
at high confining pressures. However, King
( 1966) reported anomalous behaviour for some
sandstones at low confming pressures, when the
shear-wave velocity for the saturated rock was
found to have a slightly higher value than that
for the dry rock at the same confining pressure.
Gregory (1961) did not observe this behaviour
on the only sandstone he tested for which King
had noted the increase in shear-wave velocity
upon saturation.
Measurements of compressional and shearwave velocities of rocks in situ have been
reported by Nichols ( 1962) and Onodera
(1963), Larocque (1964) and Cannaday and
Leo (1966). Onodera mentions the use of a
low-frequency electrically-driven vibrator to
generate both types of waves, whereas Nichols
used small charges of high explosive. Both
techniques produced records from which it was
a simple matter to obtain the compressional
and shear-wave velocities. Onodera ( 1963)
proposed a simple relationship between the
elastic moduli of the rock as detennined from
velocities measured in situ and those determined by ultrasonic means on small samples in
the laboratory, which gives a measure of the
soundness of the rock mass. His theory is in
general agreement with that of Walsh and Brace
(1966). The two types of apparatus developed
by Larocque ( 1964) and Cannaday and Leo
{1966) were developed for use underground in
deHneating fracture zones and for obtaining the
dynamic elastic properties of roclcs surrounding
mine openings. Larocque made use of hammer
blows on a rod embedded in a driJI hole behind
the roclc face as a source of acoustic waves. A
piezoelectric transducer embedded in a second
drill hole parallel to the ftrst was used to detect
the arrival of the acoustic pulses. Cannaday and
Leo employed piezoelectric transducers as both
a source and a detector of acoustic pulses. With
their equipment Cannaday and Leo were able
to make velocity measurements over distances
King
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of up to 1,400 ft during tests in a New Mexico
potash mine.
A description of the acoustic-logging device
used in the petroleum industry and methods for
interpreting the results from the device in terms
of porosity and liquid saturation of the formation being tested have been given by Tixier et
at. ( 1959). Basically, the acoustic-logging tool
produces a record of the time required for a
pulse of compressional waves of about 20 KHz
frequency to traverse a definite length of the
formation adjacent to the borehole. A more
recent development of this device has been
described by Pickett (1963). This device produces a series of seismic records at discrete
intervals down the borehole. The velocities and
amplitudes of compressional and shear waves
can easily be measured from these seismograms.
Duvall and Blake (1968) have shown that
the locations of foci and the intensity of rock
bursts occurring in mines can be determined
from microseismic energy recorded on tape by
accelerometers at several locations in the mine.
These workers at the USBM, Denver, have
found that there is a constant relationship
between the reciprocals of compressional and
shear-wave velocities, which appears to be
independent of the mechanical state of the rock
mass. They have been able, therefore, to locate
the foci of rock bursts rather precisely, The
relationship between the velocities is consistent
with the theory proposed by Walsh and Brace
(1966) for a porous material containing narrow
cavities, if the latter are considered in this case
as comprising joints and cracks in the rock
mass. Research in South Africa on the location
and intensity of rock bursts underground has
been reported by Cook (1964). In a later paper
Cook et al. ( 1966) describe the applications of
their earlier research to the design of mine
openings.
Apparatus

Tests Under Hydrostatic Confining Pressures
The apparatus used for the tests under
hydrostatic confming pressures is identical to
that described by the present author (King,
1966). Cylindrical rock samples of 3 1/2 in.
diameter and up to 1 3/4 in. long are mounted
between a matched pair of transducer holders
designed either for compressional or shear-wave
measurements. The two types of transducer
holder are illustrated in Figure 1. The cylindrical surfaces of rock sample and transducer
1 30
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holders are first enclosed in a copper jacket and
then in a neoprene sleeve to seal the sample
pore spaces from the surrounding fluid which
provides the hydrostatic confining pressure.
Figure 2 shows a rock sample ready for
assembly.
A block diagram of the apparatus is shown
in Figure 4 , with a sample assembled for
shear-wave measurements. The confaning and
pore-fluid pressures can be varied independ·
ently to 10,000 psi and a pore fluid reservoir
permits the use of a choice of saturating fluids
for the rock sample. A general view of the
apparatus is shown in Figure 3.
Compressional and shear-wave velocities are
obtained by measuring the time taken for a
pulse of either type of waves to traverse the
rock sample. The electronic equipment is
shown diagramp1aticalJy in Figure 4. An
Arenberg pulsed oscillator is used to apply a
short sinusoidal voltage pulse to a piezoelectric
transducer, mounted in the pressure-sealed
holder at one end of the rock sample, at its
resonant frequency. The acoustic pulse produced by the transducer is transmitted through
the rock sample and is detected by a second
transducer mounted in a similar cell at the
other end of the rock sample. The electrical
signal produced by the second transducer is
amplified and displayed on the horizontal axis
of one beam of a dual-beam oscilloscope. Both
the pulsed oscillator and the oscilloscope sweep
are triggered by a time-mark generator, which
can also be used to provide accurate time marks
on the second beam of the oscilloscope.
The time taken for an acoustic pulse to
traverse the rock sample and transducer holders
is obtained by using the calibrated delayed
trigger on the oscilloscope to position the start
of a small brightened portion of the trace at
some defanite point on the received signal. In
Figure 9, which shows typical oscilloscope
traces obtained with this apparatus, an arrow
indicates the reference point chosen on the ftrst
positive peak of the received signal. The time
taken for the pulse to traverse the rock sample
alone is then obtained by subtracting the time
taken for the pulse to traverse the transducer
holders in face-to-face contact, using the same
reference peak for both measurements. In this
way, measurements of velocities can be made
with an accuracy of± 1%.
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FIGURE 2- Rock sample ready for assembly - hydrostatic tests
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FIGURE 4- Block diagram of apparatus for hydrostatic tests

Compressional waves are produced by
pulsing an axially-polarized ceramic disc of 500
KHz resonant frequency mounted in a pressuresealed ceU as shown in Figure l. The pulse of
mechanical energy generated is in the form of a
beam of compressional waves passing through
the base of the transducer holder, the rock
sample and finally the base of the second
transducer holder. A second axially-polarized
disc mounted in the second transducer holder
detects the pulse after it has traversed the rock
sample. A resonant frequency of 500KHz was
chosen so that the wavelengths of compressional and shear waves in the rocks to be tested
would be an order of magnitude larger than the
largest grain size expected in these rocks.
The method used for generating shear waves
was developed from that proposed by Jamieson
and Hoskins (1963). An axially-polarized
ceramic d.isc of 500 KHz resonant frequency is
attached to one face of a right-angled pyrexglass prism mounted in a steel pressure-sealed
cell as shown in Figure I. The compressional
waves generated by pulsing the transducer are
totally converted by critical reflection at the
pyrex-glass free surface to polarized shear
waves. The latter are propagated in a direction
perpendicular to the base of the prism, and pass
through the steel cell into the rock sample. On
traversing the rock sample, the beam of shear
waves passes into a similar transducer holder
mounted on the other end of the sample. The

polarized shear waves are then converted by
critical reflection at the pyrex-glass free surface
to compressional waves which, in turn, are
detected by a second axially·poJarized disc.
Based on the theory for this phenomenon,
presented by Jeffreys (1962, p. 28), the critical
angle for complete mode conversion from
compressional to shear waves was detennined
experimentally for the pyrex glass used.
The manner in which the transducers are
mounted in the compressional and shear-wave
transducer holders causes the system to be
narrow·band in operation, with the transducers
tending to ring at their resonant frequency.
This behaviour justified the use of the first
positive peak as a reference in detennining the
acoustic velocities.
Tests Under Triaxial Loading Conditions

It was realised during tests on the apparatus
described above that improvements in several
features could be made. The frrst was that there
would be a considerable advantage in being able
to measure the compressional and shear-wave
velocities concurrently on a single rock sample.
The second improvement was to incorporate
facilities for measuring the axial and lateral
strains on the rock sample as it was subjected to
triaxial loading conditions. Thus the static and
dynamic elastic moduli determined on the same
sample could be compared, and the theory of
Walsh and Brace (1966) tested. The third was
King
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to design the transducers for broader-band
operation. In this way hannonic analyses of the
received pulses would yield information on
attenuation of acoustic waves in rocks, and the
results could be used to check the seismic-wave
attenuation theory proposed by WaJsh (1966).
With these points in mind, the apparatus
shown in Figure 5 was designed. Mechanical
problems associated with the use of pyrex-glass
prism mode converters in transducer holders
designed for concurrent compressional and
shear-wave velocity measurements and broadband operation, precluded their use in this
application. Instead, cross-polarized ceramic
shear plates are used to generate pulses of
polarized shear waves, and axially-polarized
ceramic discs to generate compressional waves.
Three shear plates of 500KHz free resonant
frequency, 1 1/2 in. long and 1/2 in. wide, were
carefuUy mounted with Eastman 910 adhesive
side-by-side in the recess of the lower transmit·
ting transducer holder, as shown in Figure 5.
The composite form of the shear-wave trans·
ducer is employed to eliminate cross-coupling
of unwanted resonant modes. A steel disc of 1
1/2 in. diameter and an axially-polarized ceramic disc of l 1/2 in. diameter and 500 KHz
resonant frequency are mounted in turn with
heavy grease to the back of the shear plate. A
perspex disc serves to insulate the axiallypolarized disc from a setscrew which is used to
compress the transducers and distance pieces.
Similar transducers and distance pieces are
mounted with the same configuration in the
upper receiving transducer holder. The resulting
system pennits switching from the measurement of compressional to shear-wave velocities
without changing the loading conditions on the
rock sample. When the shear-wave transducer is
pulsed, the front and back faces of the compressional-wave transducer are electrically
shorted. When the compressional-wave trans·
ducer is pulsed, the back of the shear-wave
transducer is grounded. Typical oscilloscope
traces of received pulses are shown in Figure
10. It will be seen that this system operates on
a broader band than that used for the hydro·
static tests.
The time taken for either pulse to traverse
the rock sample is obtained in the same way as
described for the hydrostatic tests, except that
the reference point is taken at the ftrst break in
the wave-fonn. The reference point is marked
with an arrow on each of the oscilloscope traces
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shown in Figure 10. Since this system is of
fairly broad-band operation, the fust positive
peak cannot be used as a reference point. The
electronic equipment used for these tests is
shown in Figure 6.
A block diagram of the apparatus is shown
in Figure 8. Cylindrical rock samples 4 in. in
diameter and 4 in. long are mounted between
the transducer holders as shown in Figure 5.
The rock sample is cast in place with a thin
sheath of room-temperature-vulcanizing (RTV)
silicone rubber. Acoustic contact between the
transducer holders and rock sample is maintained by the insertion of annealed copper discs
of approximately I mil thickness. For static
stress-strain measurements, strain gauges can be
attached to the rock sample and the leads
brought out through the RTV rubber jacket to
insulated high-pressure fittings located on the
lower transducer holder. The axial deformation
of the rock sample is also measured by two
linear potentiometers and recorded with a
digital voltmeter. Axial stress is applied to the
rock sample by a 200-ton compression testing
machine. The hydraulic system for applying the
confming and pore pressures consists of pressure intensifiers operated by high-pressure
nitrogen gas; it is similar to that described for
the hydrostatic tests. A general view of the
apparatus is shown in Figure 7.
Operational Procedure
The procedures used in the preparation of
the 3 1/2-in.·diameter samples and for testing
the samples under hydrostatic pressures are
identical to those described by King {1966).
BasicaUy they are similar to the procedures
described below for the triaxial tests.
For the triaxial tests 4-in.-diameter cores of
rock were cut with a diamond core drill, using
water or kerosene as the drilling fluid. The rock
samples were then placed in a specially-designed
holder and their flat faces ground parallel to
each other and perpendicular to the sample
axis, to a maximum difference in length of ±
0.0005 in. across any diameter. The rock
samrles were then placed in a vacuum oven at
110 C for at least 48 hours immediately before
use.
If static stress-strain measurements were to
be made, strain gauges were mounted in axiaJ
and lateral conf.guration on the centreline of
the cylindrical surface of the rock sample,
which had previously been coated with a thin
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FIGURE 5- Triaxial loading apparatus

coat of epoxy resin. The sample was then
assembled between the transducer holders as
shown in Figure 5, with annealed copper discs
of I 1/2 in. diameter and approximately 1 mil
thick placed centrally on the top and bottom of
the rock sample. After strain gauge leads had
been attached, the cylindrical surface was cast
in RTV silicone rubber and allowed to set for
24 hours. The assemblage was then transferred

to the 20().ton compression testing machine.
As was observed during tests under hydrostatic confming pressures, an appreciable hys·
teresis effect was apparent during the triaxial
tests, with higher velocities being recorded at a
given confming pressure and axial load when
the latter was being lowered than when it was
being raised. During tests, therefore, a previously-established hysteresis cycle was always
King
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FIGURE 8- Block diagram of apparatus for triaxial tests
followed, as suggested by Gardner et al. (1965).
First, the axial stress and lateral conlming
pressure were increased together until the rock
sample was subjected to a specified hydrostatic
pressure. After several minutes had elapsed,
strai11 and velocity measurements were made.
Second, a deviator stress was applied by increasing the axial stress in steps, keeping the
conlming pressure constant. Measurements of
strain and velocity were made at each step. The
deviator stress was not allowed to exceed a
value for which the stress-strain relationships
were linear. Third, the deviator stress was
removed, leaving the rock sample subjected to
the original hydrostatic pressure. This procedure was repeated for each of the hydrostatic
stress levels required. Before any measurements
were made, however, each rock sample was
subjected to a hydrostatic pressure of 6,000 psi
to insure reproducibility of the stress-strain and
acoustic velocity measurements.
Preliminary experiments were performed
with the apparatus, using a standard cylinder of
aluminum 4 in. in diameter and 4 in. long. A
calibration curve was obtained for the equipment to account for the frictional resistance of
the upper 0-ring as the top transducer holder
moved up and down. These corrections, in
terms of axial stress on a 4-in.·diarneter sample,
ranged from 20 psi axial stress at 500 psi

confllling pressure to II 0 psi axial stress at
8,000 psi confining pressure. The calibration
runs were reproducible to within ± 10% of
mean values of axial stress. The times of transit
of pulses of compressional and shear waves
through the aluminum sample were not found
to vary more than ± 0.3% during these preliminary tests. The velocities measured were:
compressional waves, 20,950 ft/sec; shear
waves, 10,270 ft/sec. These values compare well
with those reported by King ( 1966) and Gregory (1967). Measurements of velocities with
this system can be made to an accuracy of ±

0.5%.
Discussion of Results
Tests Under Hydrostatic Confining Pressure
Three types of sedimentary rocks were
studied in these tests: Boise, Bandera and Berea
sandstones, all of which re .tin fairly uniform
properties in bulk. Table I indicates some of
the physical properties of these sandstones.
A more detailed description of these sandstones
is given by Mann and F att (I 960).
For each of these sandstones, three cores
were first cut in orthogonal directions perpendicular and parallel to the bedding plane.
Before acoustic-velocity measurements were
made, each sample was lrrst subjected to a
King
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Compressional-wave
arrivals

Shear-wave
ardvals

Transducer holders
in f&ce-to-face
cont~t

Berea sandstone
dry; hydrostatic
pressure: 500 psi

S'""le o-2.1vk,.. l
~

I

Berea sandstone
drv: hydrostatic
pressure: 10.000 psi

FIGURE 9 - Oscilloscope traces for hydrostatic tests
Table 1
Boise Bandera Berea
Poro:.;ty, %
Permeability •, md
Bulk den~ity, gm/cm 3
Mean grain dia., mm

Remarks

25.0
1400

1.95
0.25

20.0

3.5
2.16
0.07

20.5

250
2.14
0.15

Well consolidated,
well cemented

*Measured perpendicular to bedding plane

hydrostatic pressure of l 0,000 psi. Measurements of compressional and shear-wave velocities on these cores in the dry state, as a
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function of hydrostatic pressure to 10,000 psi,
showed Boise sandstone to be almost isotropic.
The other two sandstones, however, proved to
be transversely isotropic, with the axis of
symmetry perpendicular to the bedding plane.
The compressional and shear-wave velodties
have all been corrected for changes in length of
the rock sample as the hydrostatic pressure was
changed.
Figure 11 shows the compressional and
shear-wave velocities measured on three Boise
samples as a function of hydrostatic pressures
in the range 200 psi to 10,000 psi. The plotted
shear-wave velocities are the maximum and
minimum ones recorded on the three cores. lt
will be seen that the measured velocities each

Compressiortal-wave
arrivals

Shear-wave

arrivals

TransduC$r holders
in fac..-to-lace
contact

Aluminium t~ block
4" dia. X 4" long

Boise sandstone dry;
aKial stress: 500 psi;
lateral stress: zero

BoiSIIJ sandstone dry;
axial stress: 4,000 psi;
letarsl stress: 4,000 psi

FIGURE 10- Oscilloscope traces for triaxial tests
King
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10000

lie within ± 1% of the mean. Since this lies
within the accuracy of the system, Boise
sandstone can be considered isotropic.
The Bandera and Berea sandstones proved
to be transversely isotropic, with the axis of
symmetry lying perpendicular to the bedding

plane. Compressional-wave velocities measured
in directions at right angles to each other in the
bedding plane were very close in magnitude
over the range of hydrostatic pressure 200 psi
to I 0,000 psi. These velocities were appreciably
higher than the compressional-wave velocity
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measured in a direction perpendicular to the
bedding plane, especially at the lower confining
pressures. Additional samples of these sand·
stones were cored in a direction at 45° with the
bedding plane, and their compressional-wave
velocities were measured.
Figure 12 shows the results for Bandera
sandstone. It was possible in this case to check
the validity of certain of the theoretical equa·
lions governing wave propagation in a material
exhibiting transverse isotropy. In the Appendix,
it is indicated for the condition of transverse
isotropy that polarized shear waves can pro·
in a
pagate at one velocity, Vsv =
direction parallel to the axis of sxmmetry, and
at two velocities, V . = ~02' and V
~.
_SH.
2p .
SV
= V~ m any drrect10n perpendtcular to the
axis of symmetry. Thus polarized shear waves
can propagate at the same velocity, Vsv =
~' in the two directions. These velocities
measured on Bandera sandstone are shown in
Figure 12. It can be seen that they lie within±
0.5% of the mean over the range of hydrostatic
pressures 200 psi to 10,000 psi, thus further
substantiating the fact that Bandera sandstone
is transversely isotropic. Figure 13 shows the
compressional- and shear-wave velocities as a
function of hydrostatic pressure in the range
200 psi to I 0,000 psi for Berea sandstone. The
behaviour of this sandstone is similar to that of
Bandera sandstone, differing only in that the
compressional-wave velocities for Berea approach each other in magnitude at high pressures.

J!Ifl-,

Using the mean values of the velocities
measured on Boise sandstone samples, the
elastic constants were calculated from equations 3, 4 and 5, given in the Appendix for
isotropic materials. The Young's modulus, E,
and Poisson's ratio, v, for Boise sandstone as a
function of hydrostatic pressure in the range
200 psi to 10,000 psi are plotted in Figure 14.
Both Young's modulus and Poisson's ratio
increase only slightly, from values of 2.4 to 3.0
X 106 psi and 0.14 to 0.18 respectively, with
this increase in hydrostatic pressure.
Five velocities measured on both the
Bandera and Berea sandstones were used to
evaluate the five elastic constants, C .. , from
equations 13 given in the Appendix f6r transversely isotropic materials. From these con142
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stants the values of Young's moduli in a
direction parallel to the bedding plane, ~, and
parallel to the axis of symmetry, Ev, and
Poisson's ratios v1 , v2 , v3 , have been calculated.
The Young's moduli and Poisson's ratios are
plotted in Figure 15 for Bandera sandstone and
in Figure 16 for Berea sandstone as a function
of hydrostatic pressure in the range 200 psi to
10,000 psi. Also plotted in these figures is the
anisotropy ratio, EH/Ev. It will be seen that
the anisotropy ratio decreases appreciably for
both sandstones as the hydrostatic pressure is
increased. The decrease in anisotropy ratio,
coupled with the tendency for the Poisson's
ratios to converge at higher pressures, indicates
that the degree of anisotropy of Bandera and
Berea sandstones decreases quite appreciably as
the hydrostatic pressure is increased to 10,000
psi. The increases in EH and Ev are more
pronounced for Bandera and Berea than for
Boise sandstone as the pressure is increased.
The average values to which the Poisson's ratios
converge at high pressures for Berea and Bandera sandstones are close to the value of Poisson's ratio, 0.18, calculated at high pressures
for Boise sandstone.
For both Bandera and Berea sandstones
there is a sharp initial decrease in EH lEv as the
hydrostatic pressure is increased to 2,000 psi.
This suggests that a major part of the aniso·
tropic behaviour of these sandstones is due to
the presence at low pressures of small lenticular
cracks or microcracks parallel to the bedding
plane. As these fissures or microcracks are
closed with increasing pressure, the loss in
stiffness associated with them is considerably
reduced and the rock tends to be more isotropic in nature. Berea sandstone is seen to
approach a state of isotropy fairly quickly as
the hydrostatic pressure is increased. Bandera
sandstone, however, approaches this state very
much more slowly. The different behaviour of
the two sandstones can be explained by the
presence of clay partings in the bedding plane
of Bandera sandstone, which are not present in
Berea sandstone. There is only a gradual increase in stiffness associated with compression
of the clay partings, compared with the sharp
increase associated with the closure of fiSsures
or microcracks. The fact that the anisotropy
ratio for Bandera remains greater than unity at
high pressures tends to confum the validity of
this explanation.
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Tests Under Triaxial Loading Conditions
Since it had already proved to be almost
isotropic in behaviour, Boise sandstone was
studied in these tests. The samples were cored
from a block quarried more recently than the
one from which samples were cut for the

previous tests under hydrostatic stress condi·
tions. The bulk density and porosity for these
samples were 1.90 gm/cm 3 and 27.0%, respectively. After the samples had been dried in a
vacuum oven, five epoxy-backed foil strain
gauges were cemented around the circum·
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ference of the sam pies halfway down: two of lin. gauge length spaced at 180° to measure
lateral strain, and three of 1/2-in. gauge length
spaced at 120° to measure axial strain. The
static stress-strain data and acoustic velocities
were obtained on samples which had first been
subjected to a hydrostatic pressure of 6,000 psi.
The stress-strain relations for Boise sandstone at different lateral confming pressures are
shown in Figure 17. The axial and lateral strains
plotted arc mean values from strain gauges
oriented in each direction, recorded as the
deviator stress was increased. The strains recorded for each of the axial and lateral gauges
did not differ by more than 12% from the mean
value in each case throughout the tests. The
deviator stress (the difference between the axial
stress on the sample and the lateral confming
pressure) was not allowed to reach a value
sufficiently high to affect the previously established hysteresis cycle. Both the axial and
lateral strains show a near-linear relationship to
the deviator stress over the range of stresses
recorded.
The static Young's modulus, E5 , and
Poisson's ratio, v8 , calculated from the stressstrain data tangent at the origin are plotted in
Figure 19 as a function of hydrostatic pressure
on the sample. There is an increase in Es from
1.5 to 2.2 X 106 psi as the hydrostatic
pressure is increased from 200 to 5,000 psi,
with the rate of increase becoming less at high
pressures. Poisson's ratio increases sharply at
first from a value of 0.13, and then approaches
•a constant value of 0.16 for pressures in excess
of 1,000 psi.
Figure 18 shows the compressional and
shear-wave velocities on Boise sandstone as a
function of hydrostatic pressure. The velocities
were measured concurrently with the stressstrain data, and they have been corrected for
changes in length of the sample as the hydrostatic pressure was changed. The velocities are
rather lower over the whole range of pressures
than those reported in the previous section, by
up to 5% at low pressures and 2% at high
pressures. Since the sandstone block from
which these samples were cored was cut from a
different part of the quarry, these comparatively small differences in velocity tend to
confrrm the uniformity in mechanical pro·
per ties of Boise sandstone in bulk.
The dynamic values of Young's modulus,

E0 , and Poisson's ratio, v0 , have been calculated from the acoustic velocities: they are
plotted in Figure 19 as a function of hydrostatic pressure. There is an increase in E 0 from
2.0 to 2.8 X 106 psi in the range of pressures
100 to 6,000 psi, with E 0 always greater in
magnitude than the static value, E5 . The ratio
E 0 /Es has also been plotted in Figure 19: there
is a reduction in this ratio from 1.5 to 1.25 as
the hydrostatic pressure is increased from 200
to 5,000 psi. The dynamic value of Poisson's
ratio increases sharply from a value of 0.15 to a
near-constant value of 0.18 for pressures in
excess of 1 ,000 ps.i. This behaviour is similar to
that noted for v5 , but the values of v0 are
rather higher than those calculated for v5 .
The dynamic values of Poisson's ratio agree
well with those reported in the previous sec·
tion. Since the acoustic velocities and bulk
density are lower in this case, however, there is
a reduction in dynamic Young's modulus, by
10% at low pressures and 7% at high pressures,
over the values reported in the previous section
for tests under hydrostatic pressure.
Walsh and Brace (1966) have shown theoretically that for materials containing pores and
narrow cracks there will be an increase in
Poisson's ratio and in Young's modulus as the
cracks are progress)vely closed when the confilling pressure is increased. The theory also
predicts that as the narrow cracks are closed,
the static value of Young's modulus will approach the dynamic value. Simmons and Brace
( 1965) have found the static and dynamic
moduli for rocks subjected to confining pressures in excess of 30,000 psi to agree very well
with each other, whereas at low confining
pressures the dynamic moduli were consider·
ably higher than the static. The results of the
tests reported here indicate that Boise sandstone behaves in a manner similar to that
predicted by the theory, but it appears, however, that the maximum confining pressure of
6,000 psi was insufficient to close all the cracks
present in the sandstone.

Conclusions and Recommendations
A successful technique h:Js been developed
for determining ultrasonic compressional and
shear-wave velocities on rock samples subjected
to hydrostatic confming pressures to 10,000
psi. The technique has been further developed
so that compressional and shear-wave velocities
King
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can be detenn.ined concurrently on the same
rock sample as a function of changes in triaxial
loading conditions. With this apparatus it is also
possible to measure the axial and lateral static
stress-strain relationships on the sample at the
same time as the velocities.
Measurements of compressional and shearwave velocities in different directions on
samples of three sandstones subjected to hydro-

static confming pressures indicate that, while
one of them is almost isotropic in behaviour,
the oilier two sandstones are transversely isotropic, with their axis of symmetry ly.ing
perpendicular to the bedding plane. The degree
of anisotropy was found to decrease appreciably as the hydrostatic confining pressure was
increased. It is concluded that the degree of
anisotropy is dependent on the presence of
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lenticular cracks or clay partings in the bedding
planes of the two anisotropic sandstones.
The dynamic elastic moduli for the iso·
t~opic sandstone, calculated from compres·
SJonal and shear-wave velocities, were higher
than the static moduli, determined from strain
gauges on the same rock sample at the same
time as the velocities were measured. It is
concluded that these differences in value can be
expla.ined by the presence of randomly-oriented
lenticular cracks in the rock, which close
progressively as the confining pressure is raised.
Results from measurements of ultrasonic
velocities and static stress-strain relationships
made concurrently on intact and jointed rock
samples in the laboratory could be used to
extend the theory ofWalsh and Brace (1966) to
cover the behaviour of jointed and fractured
rock masses. The strong dependence of the
static and dynamic moduli on the presence of
ftssures and joints in the rock could lead to
determination of the state of stress around
mine openings and to assessment of the suitability of foundations for large structures. Har·
monic analyses of the compressional and shearwave pulses in the proposed tests could be used
to test the seismic-wave attenuation theory
proposed by Walsh (1966}, with similar applications in mining and in the location of the foci
of rock bursts.
In potash mining, where the evaporite strata
poss~ss good acoustic-wave transmission properties, there appears to be considerable scope
for the use of acoustic teclmiques for locating
geologic discontinuities underground, and for
determining the state of stress in mine pillars.
Controlled-pulse acoustic-wave equipment
based partly on that reported by CaiUladay and
Leo (1966) is presently under development in
this laboratory, and it is intended initially to
use it for locating precisely the salt and shale
cover in a potash mine and for determining the
state of stress in mine pillars. For these applications, which are sketched in Figure 20, it will
be necessary to determine the compressional
and shear-wave velocities and attenuation for
potash and halite as a function of triaxial
loadlng conditions in the laboratory. This
testing program is now in hand.
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APPENDIX
The general stress-strain relations for an
elastic material are
~i

= C;;E;
:E;

in which

i,j = I, 2, 3, 4, 5, 6

Eq. I

=

stress
E1 = strain
C;; = elastic constants

= Czz =
=

c33

c,3 = Cz3

= Css =

c66

=

;>..

Eq.2

= p.

where A and J.L are the two independent Lame
constants describing an isotropic elastic material
Young's modulus, E

=

+ 2p)
X + J.L

p.(3A.

2(X

+ J.L)

Eq.4

In terms of compressional-wave velocity,
VP' shear-wave velocity, V 8 , and density, p:
Eq.5

J.L=pV~

+ 2}-L

=X

A.
=- ---

A = p (V~ - 2V~)

Isotropic material (See Hearmon (1961), p.
23and71 )

c,l
c,2
c44

Poisson's ratio, v

Eq. 3

Transversely Isotropic Material - Axis of
symmetry in 3-direction [See Hearmon (1961),
p. 23 and 72, and King (I 964), p. 114-1 I 6)

ell

c22 Ct3 = c23
c33
c44 = Css
c12
c66 =c,,-cll
2

=

Eq.6

where ell , c3 3, c, 2, c,3 and c44 are the five
independent constants describing a transversely
isotropic elastic material.
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Young's modulus, Ey, measured in a direction parallel to the axis of symmetry, is
given by:

c11 c.2 cl3
C1z C11 Cn

c.3 c13 c33

Eq. 7

This relationship indicates that only four
of the five elastic constants EH, Ev, v 1, v2 and
independent. To describe the material fully a
further independent constant must be used.
In terms of compressional and shear-wave
velocities and density, the elastic constants,
cij' are:
C11 =pV~H

(cllz -c.,_l)
Young's modulus, EH, measured in any
direction perpendicular to the axis of symmetry, is given by:

C33

c.3

=

p V~v

C44 =pV~v

C1 2 = p{V~H - 2V~H)

_ (J[4V~Q - V~H - V~v - 2V~v]
-pl
-

C11 Caz Caa

tV~H

C1z Cu C13

2

2

;

V~v] z

- Vh} Eq. 13

Eq.8
Where

{c •• c33- c./")
Poisson's ratio, v1 , which is a measure of the
effect of the strain in a direction perpendicular
to the axis of symmetry on the strain at right
angles to it in the same plane, is given by:

V PH = velocity of compressional waves
in any direction perpendicular
to the plane of symmetry,
V p v == velocity of compressional waves
in a direction parallel to the
plane of symmetry,

Eq.9

V PQ = velocity of quasi-compressional
waves in a direction at 45° to
the axis of symmetry,

Poisson's ratio, v2 , which is a measure of
the effect of the strain in a direction perpendicular to the axis of symmetry on the strain
parallel to the axis of symmetry, is given by:

VSH =velocity of shear waves in any
direction perpendicular to the
plane of symmetry with particle
motion in the same plane,

c. zen

-

c.s 2

CuCss- Cts 2

v,_

3cc •• - c.z)
= c.
C C 3 - C, s 2
11

Eq. 10

3

Poisson's ratio, v3 , which is a measure of
the effect of the strain in a direction parallel to
v3 are the axis of symmetry on the strain at
right angles to it, is given by:
Vs

c.s

= _ _::....::...,-C11

Eq. II

+ C1 z

EH -

Ev
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Cu z - Cl2 2

c•• c3s -c.3

2

p = density of material
From equations 13 it can be seen that

A measure of the degree of anisotropy may
be expressed by the ratio, EH/Ev, known as
the anisotropy ratio, where:
-- -

Vs v :::: velocity of shear-waves in a
direction parallel to the axis of
symmetry, or velocity of shear
waves in a direction perpendicular to the axis of symmetry
with particle motion parallel
to the axis of symmetry,

--

v3
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Eq. 12

=P
p

Eq. 14

-

DISCUSSION
John W. Brown, University of Missouri,
Rolla, Missouri
Ultrasonic devices have considerable potential for field applications. They have valuable
and uncommon capabilities: remote sensing of
rock properties and structure, and continuous
monitoring of the behavior of a large volume of
rock. The microseismic method and conven·
tional seismic methods also share these capabilities to some extent.
Ultrasonic waves from electromechanical
transducers may do more than locate single
fractures and bedding planes. They may even
one day yield three-dimensional pictures of the
interior of rock formations. That is, such
devices may reveal the complete system of
joints, faults, bedding planes, and other discontinuities around excavations.
Though such a development may seem
remote, advances have already been made.
Optical three-dimensional photographs are now
a reality*, and three-dimensional pictures of the
interior of industrial materials, using sound
waves, are undergoing development**. The
latter method in effect employs radiated sound
instead of radiated light as for photography.
Admittedly, there are problems to be solved
before joints and bedding planes can be reliably
located, to say nothing of locating whole
systems of discontinuities in rock. Two obstacles to the ultrasonic method are the rapid
attenuation of sonic and ultrasonic waves, and
the complex variations of density and fracture
intensity throughout rock in situ.
Field applications of ultrasonics, then, are
promising but not well developed. That is true
also of the micro seismic method of monitoring
rock noise. Such methods for remote sensing
make up an area of rock mechanics in which
further research would clearly be a good investment.

•oeVelis, John B. and Reynolds, George 0., Theory

and Applications of Holography. Addison-Wesley,

M.S. King
The author agrees with John W. Brown's
remark s concerning the potential of different
acoustical devices in field applications. With
regard to acoustical holography some of the
problems facing its usc for locating discontinuities underground have been outlined by
Metherell* in a recent review. A considerable
an1ount of research will be required before this
technique has any practical rock mechanics
applications.
P.B. Attewe11, University of Durham, Durham,
Great Britain
I have had an opportunity of reading a
preprint of Prof. King's interesting paper. As
part of our own work in rock dynamics at
Durham University, we have used the criticalangle tank technique and would concur with
Prof. King's remarks at the beginning of his
paper concerning the difficulty of locating
exact angles for critical refraction of compressional and shear waves.
One of the problems arises, of course, from
the very dependence of the velocity determinations on the sines of the critical angles of
reflection. Since the critical angles for dilatational waves are much less than those for shear
waves, and one is therefore working on the
steeper portion of the sine curve, the accuracy
of the end result for dilatational velocity must
be lower than the corresponding result for shear
velocity. Problems of critical-angle location are
magnified by specimen internal and external
reflections and this uncertainty is reflected in
the high Poisson's ratios that are obtained using
the standard elastic equations. It is also, of
course, absolutely essential that all four quadrants of rotation be examined in order to
smooth any anomalies associated with nonparallel faces.
Provided, however, that the tank mechanics
are correctly analyzed it can yield valuable
results. For example, supplemented by a water
displacement technique and direct compression
ultrasonic tests, a number of experiments have
been carried out on a Welsh slate (0.62%
porosity) of Cambrian age. The experiments

1967.
••International Business Machines. Simulating visual
reality, Computing Report, v. 4, n. 4, July 1968, p.
4-7.

•Metherell, A.F. Holography with sound, Science

Journal, v. 4, n. 11, p. 57·62, Nov. 1968.
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Nine different rock types have been tested
including varieties of sandstone, limestone,
granite and specuJarite-magnetite.

INSTRUMEN
AREA

f.:.1

~

VELOCITY
ELECTRONIC
SENSING SWITCHES
TIMER

CONCRETE

WALL--+

GUN MOUNTS

Discussion of Results
Figures 4 to 13 give the penetration vs
impact-velocity data for spherical projectiles. A
linear relationship exists between penetration
and velocity and for most rocks there is an
intercept value of velocity, approximately 500
ft/sec., below which no penetration occurs.
Table 1 gives the values of the penetrationvelocity slopes (SP _ v) obtained from the
plots. By varying projectile density and maintaining a constant diameter, as given in Table 1,
the effect of projectile weight was isolated. In
Figure 14 SP _ v is plotted VS the projectile
weight on log-log paper for projectiles of equal
diameter. The average value of the slope of
these lines is 0.815 and all values are within 4%
of this. This gives the relationship:

DOUBLE DOORS

Sp

-y

0::

w·81S

0::

r2.4S

Eq • 1

where:

W is the projectile weight
FIGURE 1 - Layout of high-velocity rock impact laboratory.

mount, permit high accuracy when sabotlaunched projectiles are used. For the tests with
spheres, rather than manufacture special sabots,
the spheres were backed by a wad of compressed paper tissue and some accuracy was sacrificed. The gun is fired remotely using a solenoid
which may be seen at the left rear of the
mount. The .303 cal. gun is also fired from this
mount. The 20 mm gun and mount are similar
in construction except that the shock absorber
is a spring arrangement mounted around the
front portion of the barrel. This gun is also
fired remotely by solenoid.
The velocity-sensing switch arrangement
consists of two sheets of aluminum foil separated by a layer of thin plastic. The shorting of
the aluminum sheets by the projectile completes a circuit containing a 6-volt dry cell and
triggers an electronic timer. Similarly, the timer
is stopped by the projectile passing through a
switch 3 feet down range. The timer records in
units of 10· 7 sec. which permits high-accuracy
velocity determinations.
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r is the projectile radius.
Another series of tests was conducted using
constant projectile density while varying the
radius. sp - v is plotted vs projectile radius on
log-log paper for constant projectile density in
Figure 15. The average value of the slopes in
this case is 1.21, all values being within 7% of
this. This gives the relationship:
Sp

-y

o:: r1.21

Eq.2

Inherent in this relationship is the fact that
both the weight of the projectile and the radius
have been increased. Since the effect of the
weight increase is known from the previous
relationship, the effect of the radius increase
can be deduced as follows:
Sp _ V

0::

rl,21

0:: fl,4S

rX

where x is the exponent proportionality between sp - v and the contact radius
X

= 1.21

- 2.45
w·8's
0:: - -

rJ.24

= - 1.24

FIGURE 2A- Granite block being loaded on saw cart.

where:

sp - v

= penetration-velocity

slope

(in/ ft/ sec.)
P
V0

= projectile penetration (in.)
= initial projectile velocity
(ft/sec.)

Vf
W

FIGURE 28- Wire saw in operation cutting
granite block.

r

c:

final penetrating velocity
(ft/sec.)

= weight of projectile (grains).
= radius of contact area {in.)
(radius of sphere).

Within the range of experimental error this
can be simplified to:

K = rock penetration constant.
For a sphere, equation 3 can be reduced as
follows:

From the data it is also evident that the
penetration is directly proportional to the impact velocity and some rock property. This
gives the final relationship:

where

p = projectile density- grains/in 3 •

Let

K (4/3 11') 4/ s = K'
Bauer, Calder
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Then: SP

-v

SP - v
SP

K' r 2 •45 p .815

= K'

-v =

P
or:

=

r6/s p4/s

K' rp(r/p) 1 / 5

= K'(V0

-Vf)rp(r/p) 1 /s Eq.4

p = K" (M/A)

- V ) (r/p) 1/5

(V

0

f

Eq. 5

the projectile scaling factor W4JS rS/4 obtained
from equation 3. The slope of this line repre·
sents the average value of the rock penetration
constant K. Values of K and the projectile
scaling factors used are included in Table 1 for
all the tests. Figure 16 also includes the value of
K obtained from a series of tests with hemispherical·nosed rod-shaped projectiles, as given
in Figure 13. Since the value obtained is iden·
tical with that for a sphere of the same weight
and radius, it appears that projectile length
plays no part for rods with length to diameter

FIGURE 3A- .5Q.cal. gun- side.

On the basis of similar tests conducted by
other workers in this area (I) (2), it was con·
eluded that the penetration of spherical projectiles in rock was proportional to the impact
momentum. Their fmal equation was identical
to equation 5 except that the term ( r/p ) 115 was
omitted. The addition of this term changes the
result significantly and is necessal)' to accurate·
ly predict the effect of changes in projectile
density or radius.
In Figure 16, SP _ v for five spherical projectile types in Disraeli light granite is plotted vs
160
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ratios up to 3. Equation 3 is apparently valid
for any shape in this range provided r is known.
This is a preliminary conclusion and further
tests are being conducted to establish its va·
lidity.
Results of a series of tests using .50 cal.
armour-piercing projectiles is presented in
Figure 17. These projectiles being streamlined
(pointed) allow the effect of shape to be stud·
ied. The weight of these projectiles is 542 grains
and their diameter at the largest section is 0.45
in. The value of SP _ v obtained can be com-

Abstract
By measuring closure over a period of six years
in different stoping areas in a vertical tabular
orebody, several parameters which influence
closure have been defined. A number of these
parameters have been evaluated, permitting the
prediction of closure in most stoping situations.
Closure values can be used to predict potential
bad-ground conditions, enabling corrective
measures to be planned before ground-control
problems actually arise.
Introduction
A closure study program was initiated at
Falconbridge Mine in 1962 to obtain a better
understanding of ground movement and
fracture-zone extent under different geometric
conditions which are common in the mine.
The orebody, which has been described in
detail elsewhere (I), is essentially a near vertical
sulphide zone which varies in width from a few
inches to over a hundred feet. It extends about
a mile east-west on strike and is more than a
mile in depth. The footwall rock to the north is
norite and the hanging wall is greenstone. In
some areas the greenstone has been extensively
silicified to a strong quartzite locally known as
'1asperoid ".
The level interval is 175 ft with the main 8
x 9 ft drifts driven in ore . The principal mining
method is longitudinal flat-back cut-and-fill
stoping using hydraulic fill and rockbolts for
support. Individual stopes are 200 to 350 ft
long and are sequenced in three-level blocks to
provide adequate production and minimize the
number of stope crown or level pillars occurring
under mined-out stopes.
Measurements
Closure measurements were first made at
Falconbridge Mine between September 1962
and May 1964, on the 3850 level above 400'2
27-31 stope. Results of this study indicated
that closure measurements, when studied in
relation to the mining rate of the ore block
under obseiVation, could be useful in yielding
data on dynamic behaviour of ground (2). It
was decided to instrument further areas for
closure studies. These areas were selected on
the basis of their geometrical relationship with
mined-out stopes.
Case 1. 2975 Level, Above 3102 40-42 Stope
(Figure 1) - Th1s stope had solid ground above
and at both ends. Closure-measuring plugs were

Closure Studies Improve
Ground Control at
Falconbridge Mine

K.R. Notley,
Research Engineer, Mine Research Department,
Falconbridge Nickel Mines, Limited.
F alconbridge, Ont.

established, in October 1963, at depths of 2 ft
and 7 1/2 ft, in each wall at five points on the
level above the stope when the back of the
stope was some 60 ft below track. Mining in
this stope was completed by September 1965,
and the last measurements were made in
January 1966.
Case 2, 2975 Level, Above 3102 73-79 Stope
(Figure 2) - This stope had solid ground above
and below, and mined-out areas at each end.
Nine closure stations were established on the
level above 3102 73-79 stope, two above the
mined~ut area to the west, and one farther
west still, in the undisturbed area.
The instrumentation was installed in
December 1963, when the stope back was 95 ft
below the 2975 level. Mining in the western
half of the stope was suspended at the end of
March 1965 at 30 ft below track, and by March
1966, the eastern half had been completely
mined out.
Each closure station consisted of two rockbolts anchored at a depth of 7 1/2 ft in colinear
horizontal holes about 4 ft above track on
opposite sides of the drift. The bolts were
supported at the hole collars to penn it axial
Notley
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A

E

e

0

2975 Level

~ Area Mined during

LL.LJ the Study Period

3150 Level

3325 Level
FIGURE 1- Location of closure stations above 3102 40.42 stope.

movement. Closure was measured by means of
a turnbuckle micrometer connected by wires to
spads welded to the protruding ends of the
bolts. Within 6 in. of each hole collar, a surface
reference plug was cemented into a hole 6 in.
deep. By measuring from each spad on one side
186
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of the drift to both spads on the other side (4
measurements) we were able to determine
closure at the wall surface, closure between
points 1Y2 ft deep in each wall, and expansion or contraction of each wall to a depth of 7
1/2 ft (Figure 3).

F I GU A E 2- Location of closure stations above 3102 7J.79 stope.

~

I

~ 8 ~

...

FIGURE 3 -

A

J

Closure and wall movement

measurements.

In Figure 3; 1, 2, 3, 4 are the anchor points
of the four closure plugs, and A, B, C and D
represent the 4 measurements made at each
station. If a, b, c and d are the total changes in
A, B, C and D respectively since the initial
measurement, the movements are calculated as
follows:

Closure between 3 and 4
Closure between 1 and 2
North wall movement between

a
b

=

1
1 and 4
h (a-c + d-b)
South wall movement between
2 and 3
= 1f.,. (a-d+ c-b)

In practice, 3 and 4 are placed as close as
possible to the collars of the deeper holes to
minimizes errors due to angularity of C and D.

The method of calculating wall movement also
minimize errors provided the directions of A
and B are parallel.
Case 3, 3675 and 3650 Levels, Above and Below
3802 28·31 Stope (Figure 4) - This stope was

an island pillar completely surrounded by
mined-out areas. The level above the stope was
instrumented for closure and extensometer
measurements in January 1966. At that time a
Potts' extensometer was obtained which
permitted diJect measurement of relative wall
movement at different depths in a single borehole.
Six stations were established above 3802
28-31 stope with anchors at depths of 10 and 20
ft in each wall. Closure between the walls was
measured from spads attached to the collars of
the extensometer holes on opposite sides of the

drift.
In May 1966, a similar pattern of instrumentation was installed on the 3850 level
below the stope.
Parameters Affecting Closure

In general, closure measurements are made
at the end of each month and a graph of closure
plotted against time is kept up to date for each
station. Longitudinal sections showing the area
Notley
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IZZ2JAre• lUned d~ring the Study Period

~ Are4le Mined Previously

L.L..:..LI

FIGURE 4-Location of closure stations above and below 3802 28-31 stope.

of ground broken in each stope and the area
filled between consecutive measuring periods
are prepared each month.
It became evident early in the program of
study that the closure rate at a particular
station above a stope increased when the
mining face passed beneath it, and decreased as
mining activity moved farther away. As was
expected, it was also observed that the closure
was greatest above the centre of the stope, and
that the closure rate was fairly low and uniform
a short distance beyond the stope limits.
For the type of geometry conunon in the
Falcon bridge mine it is assumed that the degree
of closure is governed by the following parameters.
a. The area of ground broken in the plane
of the orebody and its distance from the
closure point.
b. The width and height of the opening in
which closure is measured, and the height above
track and the depth in the walls at which the
measuring points are anchored.
c. The physical properties of the wall rocks
and the ore, and the inherent stress field.
d. The area and relative position of minedout stopes in the vicinity and the support factor
afforded by the backfill medium.
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Analysis of the Effects of the Parameters
1. The Effect of Mining
In the case of closure between the walls of a
drift above an active stope, it is apparent from
closure measurements, and also reasonable to
expect, that the larger the area of ground
mined, the greater the amount of closure that
will take place. Similarly, the closer the mining
activity approaches the measuring station, the
greater will be the effect on closure. With these
points in mind an inverse square relationship
was postulated, which assumes that the effect
produced at a closure-measuring station in a
drift above a stope is proportional to the area
of the excavation in the plane of the orebody,
and inversely proportional to the square of the
effective distance of the excavation from the
closure station. This closure effect due to
mining is termed the "excavation factor" and is
derived as follows (Figure 5).

In Figure 5, 0 represents the position of the
closure station, and ABCD is the area of ground
excavated in a given period. The excavation
extends from x 1 to x 2 in length, and is of
constant height h at an average distance of y
below the closure station along the dip of the
ore body.

0

x~

X.

X

II
II

'

.......,r-J:x,

' ,,,,
I

I

y

II
II

___ !~-----r----.o

II

''

''
''
''

II

II
II
I

c.

p

y
FIGURE 5-Derivation of the excavation factor.

Consider a small element P of the excavation, of height h and length dx, at a horizontal distance x from 0.
According to the postulate, the effect of
the element P at 0 is given by

to its length and depth below the level. Excavation factors can be calculated for each cut
mined, and added together to give the overall
effect of mining the whole stope. To calculate
the effect of a whole stope in a single operation, however, requires a more rigorous
analysis.
Consider the excavation factor at a point
above one end of the stoping block (Figure 6).

Therefore, the effect of the area ABCD at 0 is:

h9

:.Fx = Y

Eq. 1

where 9 is the angle subtended at the closure
station by the extremities of the excavation.
This treatment is sufficiently accurate where
the height of the excavation is small in relation

v ~----------------------~

y

FIGURE 6-Excavation factor for a whole

stoping block.
Notley
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The second component is the buckling
component (Cb ). 'This is the closure effect
caused by bending of the walls into the
opening. Analysis here is more difficult, as in
our experience at Falconbridge, fracturing of
the walls occurs at an early stage. The beginning
of wall failure and the extent of failure depend
on the physical properties of the wall rocks and
the height of the opening in which closure is
measured.

~

A · ~~~~~~~-
~
~

.

FIGURE 9-Relative wall expansion above 3102
73·79 stope.

Wall movement measurements above 3102
73-79 stope illustrate the effects of these
parameters (Figure 9). At stations 29-1, -10 and
-12, the north wall expanded much more than
the south wall. At stations ·5, -6 and -7
however, the south wall movement exceeded
that of the north wall. Stations -5 , -6 and -7 are
in the area where backs had been taken down
above the level, making the effective vertical
span of the wall some 30 ft. Stations -1, -I 0 and
-12 however, were in raw drift areas where the
height of the walls was only 9 ft.
Physical properties of the wall rocks are
shown in Table 1.
192
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Table I Physical Properties of Wall Rocks

Above 3102 73·79 Stope
North Wall

Rock type
Young's modulus
Uniaxial comp~cssive
strength
Strain energy content
at failure
Failure

No rite

10.5

X

106

South Wan
siliceous
greenstone
13.5 x 106 psi

25 x 103 psi

44 x 103 psi

28 in.lb./
cu.in.
nonviolent

78 in.lb./cu.in.
semi-violent to
violent

At stations -1,-10 and -12, the wall pressure
applied sufficient bending moment to the 9-ft
span of norite to cause failure with consequent
rugh expansion in the wall, since the measurements included the effects of crack opening.
The greenstone in the south wall was strong
enough to withstand the same bending
moment, however, and did not fail. Thus, there
was very little expansion measured in the south
wall.
At stations -5, -6, and -7, a similar pressure
was applied over a 30-ft span and the bending
moment was sufficiently high to cause failure
of the greenstone as well as the norite. However, the greenstone, having the capacity to
store more strain energy, dissipated more
energy at failure, and this caused the larger
expansions in the south wall as measured in this
area.
The buckling component of closure thus
depends on the moduli of elasticity of the wall
rocks, the moduli of rigidity, the strength of
the wall rocks, the height of the opening, the
height above track of the closure station, the
depth of the closure plugs in the walls and the
three-dimensional stress field. Add to this the
effect of reinforcement such as rockbolts,
tensioned or untensioned grouted bolts, and the
mechanism becomes very complex. However, it
has been observed at most of the closure
stations studied, that the closure is directly
proportional to the excavation factor or to
some power of the excavation factor. When the
excavation factor for a particular station is
plotted against the measured closure on logaritlunic graph paper, all the points fall generally
on a straight line. This is found to be true for
the different cases of stope geometry studied,
the only difference being in the slope of the
lines and their positions relative to the axes of

73-79 stope which was mined right through to
the level.
Stations 3~2, -3, -4 and -S - These stations
were located above 3802 28-31 stope with
mined-out areas above and at each end (Figure

4).
The values of 'a' and 'b' and the correlation
coefficient 'c' for each station or average are
shown in Table 2.
Table 2 Relationship Between Closure and
Excavation Factor
Closure = a (excavation factor)b.
c = correlation coefficient

1.0

o.e
0.6

o .~

STATION

a

b

c

39.3
2.42

1.87
0.85

0.976
0.973
0.988
0.996
0.985
0.994
0.994
0.986
0.985
0.995
0.990
0.958
0.992

o••

29· 1 (0)
O-~ ,':, -----:0~
.• - - ' - - . ....
.. _._0.....
. 6_._
0 .....
8 '-'
..-0 ---'---~
Kt<:AVATIOK

F~

FIGURE 10- Logarithmic plot of closure against
excavation factor for stations 29-4
(0) and 36·5 (10).

the graph (Figure 10). Thus, the closure at any
one station can be expressed as:
closure (inches) = a fxb

Eq. 5

where Fx is the excavation factor at any stage
of mining, and 'a' and 'b' are constants depending on the stope geometry, tl1e position of the
closure station and the physical properties of
the ore, the wall rocks and the flU in neighbouring mined-out areas.
The IBM 1130 computer was used to
calculate Least squares estimates of 'a' and 'b'
and a correlation coefficient for each set of
measurements above 2902 73-79 stope, and
above 3602 28-31 stope. Averages for stations
in similar geometrical conditions were treated
in the same way.
The averages taken were as follows:
Stations 29-1, -2, -3 and 4 - Here the closure
was measured beyond the limit of 3102 73-79
stope and above an adjacent mined-out stope
(Figure 2).
Stations 294, -5, -6, -7 and -8- These stations
were above 3102 73-79 stope, and in the area of
drift where two cuts had been mined from the
stope above, giving an effective drift height of
30 ft. Mining in this part of 3102 73-79 stope
was stopped at 30 ft below track.
Stations 29-10, -11 and -12 - These stations
were in a raw drift area above the part of 3102

". 2 (0)
... 3 (0)

... 4 (0)

3.37

1.22

2.30

0.97
0.92
0.98
0.92
0.67
1.16
1.07
1.79
0.71
0.86
0.66
0.63
0. 79
0.64
0.97
0.94
0.96
0.99
0.87
1.20
0.72
0.98
1.54
0.97
1.50
l.71
1.66
1.36
1.11
1.31
1.26

••. 5 (0)

3.21

"- 6 (0)
.. - 7 (0)
... 8 (0)

2.11
2.59
2.24

"-10(0)

1.56

.. ·11 (0)

2.11
3.58
0.77

"·12 (0)
". 1 (71~)
"- 4(7(fz)
" . 5 (7 1fz>
" . 6 (7ffz)

1.35

". 7(7()2)

". 8 (7ffz)

"·10(7(~)

"·11 (7(fz)

"·12(7'h)
••• 1,-2,-3.-4 (0)*
"· 4,-S,-6,·7,-8 (O)*
"·10,-11,-12 (0)* I
•· • 4,-5,-6,-?,-8 J'z)*

.. -lo,.u,-12
36-3 (0}
"·5 (O)·A**
"·5 (O)·B**
"-2 (10)

n

n1/2>*

.. -3 )10)

.. -4 {10)

.. ·5 (1 0)
"·3,·5 (O)•
"-2,-3,-4,-5 (1 0)*

1.31
0.94
l.78
2.17
0.54
0.52
0.67
2.6'].
2.41
2.25
0.54
0.58
2.09
1.82

2.61
0.96
0.95
0.99
1.21
1.66
1.09

0.985

0.992
0.996
0.993
0.987
0.993
0.993
0.990
0.992
0.993
0.995

0.992
0.997
0.994
1.000
0.977
0.994
0.995
0.996
0.995
0.996

Figures In parentheses are the depths of the closure
plugs in the walls (in feet).

• Averages of the stations indicated.
• *The data for Station 36·5 (0) was divided into two
parts, as the original plot showed two definite
.straight line portions.

Our ultimate objective is to set up an
empirical relationship obtained by numerical
analysis which will permit calculation of closure
from the excavation factor modified· according
to the conditions in a given area.
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This paper has only dealt with closure on
the level above an active stope. As mentioned
previously we are also measuring closure on the
level below. To correlate mining activity with
closure here, we have postulated that closure
here is also proportional to the area mined and
inversely proportional to the effective distance
of the excavation from the closure station.
Preliminary investigations show good correlation, but we do not yet have sufficient data
for a thorough analysis.
3. The Effect of Neighbouring Mined-out
Stapes
Mined-out and filled stopes at the ends of
the block have the effect of increasing the
effective stope length. This may be regarded as
an increase in () in the excavation factor. Since
the increase in fJ would be proportionately
larger toward the end of the stope next to the
filled area, we have the effect of closure being a
larger multiple of the excavation factor toward
that end.
Where the ground above the level has been
mined out, the walls of the drift will already be
in a fractured state, and the effect on closure
will be that of an increased drift height.
Again, actual calculation of these effects is
complicated by the interaction of a number of
unknown factors, and our approach has been to
evaluate the collective influence of these factors
according to their effect on the relationship
between measured closure and excavation
factor.
So far, we have studied a stope in an
unmined area, a stope flanked by rnined-Qut
areas, and a stope completely surrounded by
mined-out areas. A closure study is currently
being conducted in a stope with solid ground at
each end and mined-out areas above and below.
In addition to closure and extensometer
measurements on the levels above and below
this stope, we are also making measurements in
the manways which are carried up through the
fill as mining progresses.
To study the support characteristics of the
fill material, half of this stope is being filled
with cement-consolidated tailings fill, and the
other half with straight tailings fill. Data from
this study are not included in this paper, as
mining has not yet progressed very far.

Applications in Ground Control
1. Consider mining a block of ore in virgin
ground such as 3102 4042 stope, referred to
194
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earlier. As mining progresses up.Jip, additional
stress is transferred to the unmined portion of
the block and also onto the solid rock beyond
the stope boundaries. There is thus a strain
energy increase in the rock; it is greatest close
to the stope back and decreases with distance
from the mining activity. Eventually the crown
pillar between the stope back and the drift
above will start to fail. At this stage more of the
stress increase due to mining and part of the
strain energy in the pillar will be transferred to
the surrounding rock which is still capable of
further elastic deformation. Thus the pillar will
fail gradually and ground control difficulties
will be minimal.
During the stage of pillar failure however,
the walls and back of the drift above are
subjected to the greatest stress changes due to
the drift opening acting as a stress concentrator.
Excessive drift maintenance is required due to
spalling of the walls and back. In the past, it
was often necessary to rebolt the entire drift
above a stope, and if this was done too soon,
further spalling around the collars of the
bolt-holes sometimes necessitated a second reboiling operation.
The answer to this problem lay in the use of
grouted bolts which retain their reinforcing
characteristics even if surface spalling does
occur (3).
Precalculated closure values can be used to
design the length and spacing of the bolts and
the time when they should be installed.
2. Where an active stope is coming up
under a filled stope, the stress concentration
builds up more rapidly on the pillar as this has a
much higher modulus of elasticity than the fill,
and hence receives a greater share of the
induced stress increase. As well as this, the
pillar will already be carrying extra stress
induced at the time the stope above was mined.
In this situation the pillar will reach the
failure stage more quickly, and, having reached
that stage, will fail more rapidly. Failure will
also be more extensive in this case, as even in its
initially fractured condition, the pillar will still
have a greater effective modulus of deformation
than the fill, and will continue to transmit
stress.
Generally, the walls fail along with the ore
in the pillar, and it is necessary to convert to
square setting when excessive fracturing starts.
In some parts of the mine mentioned previously
however, the south wall greenstone is highly

silicified and is very strong. When mining pillars
in these areas, the south wall does not fail
readily and very high stresses are built up, often
resulting in rockbursts. These rockbursts
usually occur at depth in the wall and do not
often result in damage to the openings. In the
later stages of pillar mining however, the
concussion from these bursts can result in falls
of ground in the stopes, and the sound of the
bursts has a demoralizing effect on the crews.
In one such case, 3802 28-31 stope, we
were able to use closure data to predict bursting
conditions if failure of the south wall did not
occur by the time the stope had advanced to
within 60 ft of the level above.
The stope progressed beyond that stage
without failure of the south wall, and several
rockbursts did in fact occur. It was decided to
induce failure of the wall by means of a
destressing blast, and this operation was successfully carried out (4 ).
3. Another application previously reported
in the literature (4) is in the modification of
timbered gangway design. Since the drifts are
driven in the ore zone, a timbered gangway
must be installed for each stope as it is started.
This gangway has to withstand the closure
caused by mining the stope above the level, and
also movement caused by future mining below
the level if the block below has not been mined
previously. It has been recognized that the
gangway timber cannot be made strong enough
to prevent closure, so the caps are designed
with yielding features which serve to maintain
the structural integrity of the sets while permitting closure of the walls. Pre-calculation of
closure and relative wall movement can be used
to detennine how much yielding capacity
should be allowed on each side of the drift.
Summary
Horizontal closure measurements have led
to a better understanding of rock behaviour,
including extent of fracture zones, under the

influence of mmmg. The effect of rnllWlg
activity on closure in the drift above a stope
can be pre-<:alculated from the stope dimensions by means of the excavation factor theory
which assumes that closure is proportional to
the area mined and inversely proportional to
the square of the distance between the excavation and the reference points. TI1e excavation factor (Fx) can be modified according to
the expression: closure = a Fxb where 'a' and
'b' are constants depending on the physical
properties of the rocks and the relative size and
location of neighbouring mined-out areas.
Actual and estimated closure data can be
used to help determine drift support requirements, the amount of yielding capacity to be
incorporated into the design of gangway sets,
and possibly the rigidity of fill support required
in order to minimize stope crown pillar failure.
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